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MISSION 


The  International  Wire  and  Cable  Symposium  provides  a  forum  for  the  exchange  of  technical  informa¬ 
tion  amongst  suppliers,  manufacturers,  and  users  on  technological  advancements  in  materials,  pro¬ 
cesses,  and  products  used  for  voice,  data  and  video  signal  transmission  systems. 


TECHNICAL  PAPERS 


Tuesday,  November  17, 1992 


9:00  am 

SESSION  1 

The  Future  of  Cable  Communications 

1 :00  pm 

SESSION  II 

Fiber  Optic  Cable  Design  1 

1 :00  pm 

SESSION  III 

Application  &  Field  Evaluation  1 

1 :00  pm 

SESSION  IV 

Splicing/Enclosures 

Wednesday,  November  18, 1992 

8:00  am 

SESSION  V 

Fiber  Optic  Cable  Design  11 

8:00  am 

SESSION  VI 

Application  &  Field  Evaluation  II 

8:00  am 

SESSION  VII 

Fiber  Optic  Coatings 

2:15  pm 

SESSION  VIII 

Materials  Processes  &  Manufacturing 

2:15  pm 

SESSION  IX 

Fire  Resistance 

2:15  pm 

SESSION  X 

Submarine  Cables 

4:00  pm 

SESSION  XI 

Poster  Papers 

Thursday,  November  19, 1992 

8:30  am 

SESSION  XII 

Medium  and  High  Voltage  Power  Cables  and  Accessories 

8:30  am 

SESSION  XIII 

Fiber  Optic  Reliability  1 

8:30  am 

SESSION  XIV 

Technology  in  Military  Applications 

1 :00  pm 

SESSION  XV 

Fiber  Optic  Reliability  II 

1 :00  pm 

SESSION  XVI 

Copper  CableA/Vire 

1 :00  pm 

SESSION  XVII 

Fiber  Optic  Interconnects 

PAPERS 

The  papers  in  this  volume  were  printed  directly  from  unedited  reproducible  copies  prepared  by  the 
authors.  Responsibility  for  contents  rests  upon  the  authors  and  not  the  symposium  committee  or  its 
members.  All  rights  resenred  by  the  International  Wire  and  Cable  Symposium,  Inc.,  174  Main  Street, 
Eatontown,  New  Jersey  07724. 


ii 


PROCEEDINGS/PUBLICATIONS 
INTERNATIONAL  WIRE  AND  CABLE  SYMPOSIUM  (IWCS) 


Proceedings  -  Bound  -  Available  from  IWCS 
31  St  IWCS  Proceedings  -  1982  -  $8.00 
32nd  IWCS  Proceedings  -  1 983  -  $8.00 
33rd  IWCS  Proceedings  -  1984  -  $10.00 


34th  IWCS  Proceedings  -  1985  -  $10.00 
35th  IWCS  Proceedings  -  1986  -  $15.00 
39th  IWCS  Proceedings  -  1990  -  $25.00 
40th  IWCS  Proceedings  -  1991  -$35.00 
41st  IWCS  Proceedings  -  1992  -  $50.00 

Publications  -  Bound  -  Available  from  IWCS 
Index  of  IWCS  Papers  (1983-1990);  PUB  #1001RP-1991  -$15.00 

PIC  Insulation  Testing  &  Field  Experience:  PUB  #1003RP-1992  -  $25.00 
Fiber  Optic  Cables;  PUB  #1004RP-1992  -  $25.00 

Extra  Copies  of  the  1992  Proceedings:  1-3,  $50.00  per  copy;  4-10,  $40.00  per  copy; 

1 1  and  above  $30.00  per  copy 
Shipping/Handling: 

Proceedings  Publications 

$  5.00  per  copy  USA  only  $  3.00  per  copy  USA  Only 

$1 3.00  per  copy  Surface  Mail  $  5.00  per  copy  Surface  Mail 

(overseas  -  4  to  6  weeks)  (overseas  -  4  to  6  weeks) 

$35.00  per  copy  Airmail  (Europe)  $1 0.00  per  copy  Airmail 

$40.00  per  copy  for  (Asia)  (Europe  and  Asia) 

Payment:  Make  a  check  or  bank  draft  payable  in  U.S.  Dollars  drawn  on  U.S.  Bank  only  to  the  INTERNATIONAL 
WIRE  &  CABLE  SYMPOSIUM,  INC.  or  use  your  VISA/MasterCard  by  providing  number  and  expiration  date  and 
forward  request  to:  International  Wire  and  Cable  Symposium,  Inc.,  174  Main  Street,  Eatontown,  NJ  07724. 
Telephone  inquiries  may  be  directed  to  Pat  Hudak  (908)  389-0990. 

Photocopies  are  available  for  complete  sets  of  papers  for  1964  thru  1991.  Information  on  prices  and  shipping 
charges  should  be  requested  from  the: 

US  Department  of  Commerce 

National  Technical  Information  Service  (NTIS) 

Springfield,  Virginia  22151 
Telephone:  (703)  487-4650 

Include  Title,  Year  and  “AD”  Number 


13th  Annual  Wire  &  Cable  Symposium  (1964) 

15th  Annual  Wire  &  Cable  Symposium  (1966) 

16th  International  Wire  &  Cable  Symposium  (1967) 

17th  International  Wire  &  Cable  Symposium  (1968) 

18th  International  Wire  &  Cable  Symposium  (1969) 

19th  International  Wire  &  Cable  Symposium  Proceedings  1970 
20th  International  Wire  &  Cable  Symposium  Proceedings  1971 
21st  International  Wire  &  Cable  Symposium  Proceedings  1972 
22nd  International  Wire  &  Cable  Symposium  Proceedings  1973 
23rd  International  Wire  &  Cable  Symposium  Proceedings  1974 
24th  International  Wire  &  Cable  Symposium  Proceedings  1975 
25th  International  Wire  &  Cable  Symposium  Proceedings  1976 
26th  International  Wire  &  Cable  Symposium  Proceedings  1977 
27th  International  Wire  &  Cable  Symposium  Proceedings  1978 
28th  International  Wire  &  Cable  Symposium  Proceedings  1979 
29th  International  Wire  &  Cable  Symposium  Proceedings  1980 
30th  International  Wire  &  Cable  Symposium  Proceedings  1981 
31st  International  Wire  &  Cable  Symposium  Proceedings  1982 
32nd  International  Wire  &  Cable  Symposium  Proceedings  1983 
33rd  International  Wire  &  Cable  Symposium  Proceedings  1984 
34th  International  Wire  &  Cable  Symposium  Proceedings  1985 
35th  International  Wire  &  Cable  Symposium  Proceedings  1986 
36th  International  Wire  &  Cable  Symposium  Proceedings  1987 
37th  International  Wire  &  Cable  Symposium  Proceedings  1988 
38th  International  Wire  &  Cable  Symposium  Proceedings  1989 
39th  International  Wire  &  Cable  Symposium  Proceedings  1990 
40th  International  Wire  &  Cable  Symposium  Proceedings  1991 
Kwic  Index  of  Technical  Papers,  International  Wire  &  Cable  Symposium 
(1952-1982) 


ill 


DITC  QUALITY 


KJSP2C7]rj£,  5 


—  AD 

—  AD 

—  AD 

—  AD 

—  AD 

—  AD 

—  AD 

—  AD 

—  AD 

—  AD 

—  AD 

—  AD 

—  AD 

—  AD 

—  AD 

—  AD 

—  AD 

—  AD 

—  AD 

—  AD 

—  AD 

—  AD 

—  AD 

—  AD 

—  AD 

—  AD 

—  AD 

—  AD 


Oist 


A 


787164 

A006601 

787165 

787166 

787167 

714985 

733399 

752908 

772914 

A003251 

A017787 

A032801 

A047609 

A062322 

A081428 

A096308 

A1 10859 

A1 25662 

A1 36749 

A152119 

A1 64384 

A1 80828 

A1 89610 

A200903 

A216023 

A233634 

A244038 

A027588 


5 


a 

□ 


Codes 


Ifor 

special 


MESSAGE  FROM  THE  PRESiDENT/DIRECTOR 

As  the  director  of  the  symposium,  it  is  always  my  pleasure  on  behalf  of  the  International  Wire  and  Cable  Symposium 
(IWCS)  Committee  and  CECOM,  Fort  Monmouth,  New  Jersey  to  welcome  all  attendees  to  the  conference.  This  symposium 
represents  the  41  st  year  of  continued  service  to  the  wire  and  cable  industry.  I  constantly  ask  myself,  where  have  the  years 
gone.  It  seems  as  if  it  was  only  a  few  years  ago  that  we  were  in  Atlantic  City  or  Cherry  Hill,  New  Jersey.  Many  changes  have 
taken  place  during  this  period,  the  most  notables  are  the  introduction  of  poster  papers  and  a  suppliers  forum.  Also  the  addition 
of  educational  short  courses  have  been  quite  successful.  It  is  hoped  that  these  activities  plus  the  technical  presentations  will 
provide  the  interest  and  stimulation  to  maintain  the  support  and  participation  of  the  entire  cable  industry.  I  can  assure  you,  the 
committee  will  continue  to  provide  the  latest  information  on  copper  and  fiber  optic  technology  during  each  symposium. 

This  should  be  another  exciting  year  for  symposium  attendees.  The  response  to  the  “Call-for-Papers”  was  outstanding, 
especially  from  our  international  representatives.  The  program  includes  over  seventy  speakers  from  nineteen  different  coun¬ 
tries.  The  program's  opening  session,  entitled  The  Future  of  Cable  Communications”  should  be  of  interest  to  all  attendees, 
especially  since  the  panel  of  invited  speakers  will  be  discussing  the  future  of  cable  communication  as  it  relates  to  their  country 
or  worldwide. 


The  “Call-for-Papers”  for  the  1993  Symposium  is  being  circulated  during  this  symposium.  Each  one  is  encouraged  to  obtain 
a  copy  and  to  submit  an  abstract  for  the  committee's  review.  Papers  are  specifically  requested  on  materials  and  copper 
cable/wire  designs  and  usage. 

Committee  Member  Dave  Fallowfield,  the  committee's  present  chairman's  term  on  the  committee  expires  this  year.  Dave 
and  his  company,  AGT  Limited,  are  strong  supporters  of  the  symposium  and  its  program.  I  extend  to  Dave  on  behalf  of  the 
IWCS  Committee,  a  very  special  thanks  for  his  dedication,  cooperation  and  most  of  all  his  individual  contributions  as  a  commit¬ 
tee  member.  I  wish  to  express  my  sincere  appreciation  and  thanks  to  all  Committee  Members  for  their  dedication,  cooperation 
and  technical  assistance. 


The  committee  solicits  the  support  and  suggestions  of  all  symposium  attendees,  cable  manufacturers,  material  suppliers 
and  cable  users.  We  are  constantly  seeking  and  exploring  new  and  innovative  ideas  for  technical  growth,  and  also  provide  a 
convivial  and  pleasant  environment  for  the  interchange  of  information. 

The  symposium  schedule  for  the  next  three  years  is  as  follows; 

Adam's  Mark  Hotel,  St.  Louis,  MO  -  November  15th  thru  18th,  1993 
Hilton  Hotel,  Atlanta,  GA  -  November  14th  thru  17th,  1994 
Marriott  Hotel,  Philadelphia,  PA  -  November  13th  thru  16th,  1995 
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IlEMER  F.  GODWIN 
President /Director,  IWCS 
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Dave  Fallcwfield 
ACT  Limited 
Edmondton,  Canada 


Dave  Fallcwfield  was  born  in  1957  in 
Briti^  Columbia,  Canada.  He  received  a 
Bachelor  of  Science  in  Electrical 
Engineering  from  the  university  of  Manitoba 
in  1979  and  began  working  for  ACT  (formerly 
Alberta  Government  Telephones)  in  that  same 
year.  After  a  series  of  assignments  in  the 
Maintenance  Engineering  and  Cable  Systems 
Design  sections,  he  became  Manager  Outside 
Plant  Standards  in  1986.  In  1990  he  joined 
his  ocnpany's  international  subsidiary  ATI 
and  worked  as  Network  Design  and  Integration 
Manager  ccxistructing  a  3000  km  fibre  cptic 
network  in  Thailand.  He  returned  to  Canada 
in  Jxme  1992  and  assumed  the  position  of 
Network  Design  Manger  with  AGT. 


Joseph  J.  £*ucilcwski,  Jr. 

Director,  CBOCM  Center  for  C3  Systems 

U.S.  Amy  Ccnimanicaticais-Electrcaiics 
Ccnmand  and  Fort  Monmouth 
Fort  McMTTOouth,  New  Jersey 

Mr.  Joseph  J.  Pucilcwski,  Jr.  was 
appointed  as  Director  of  the  Center  for 
Ccnmand,  Control  and  Ccnnunications  (C3) 
Systems,  U.S.  Amy  CEOQM,  in  August  1990. 

He  has  ccnmand  re^xsnsibility  for 
fomulating,  coordinating,  managing  and 
inplementlng  internal  and  external  research, 
development  and  engineering  programs  to  fill 
the  Amy's  tactical  C3  needs,  v^le  also 
providing  full  technical  st^^nrt  to  U.S. 

Amy  Program  Executive  Officers  and  Project 
ffeuiagers  in  C3.  Recipient  of  the 
Presidential  Meritorious  Rank  Award  in  1991. 


He  Wcis  awarded  a  Bachelor  of  Arts  in 
Physics,  with  a  minor  in  mathematics  from 
Rutgers  university,  and  a  Master  of  Science 
in  electrical  engineering  from  Fairleigh 
Dickinson  university.  He  was  ^pointed  by 
the  Secretary  of  the  Amy  to  the  Senior 
Executive  Service  in  November  1986. 

Mr.  Pucilcwski  was  appointed  Acting 
Deputy  Chief  of  Staff  for  Cfcaicurrent 
Engineering  at  the  U.S.  Amy  Materiel 
Oommand  Headquarters  from  February  1991  to 
September  1991.  In  that  capacity  he  had 
ccnmand  respcsisibility  for  Concurrent 
Engineering  pleinning  and  inplementation  as 
well  as  test  and  evaluation,  production  base 
planning  and  product  assurance  for  AMC. 

Mr.  Pucilcwski  began  his  government 
career  in  1963  as  a  physicist  for  the  U.S. 
Atomic  Energy  Oonmission.  He  transferred  to 
Fort  Monmouth  in  1967  and  hcis  held  various 
technical  and  managerial  eissignments  at  Fort 
Monmouth  to  include:  Director  of  the  CBOCM 
Product  Assurance  and  Test  Directorate; 
Associate  Director  for  Research  & 

Technology,  CBOCM  M)&E  Center;  Associate 
Director  for  Infonnaticai  Processing 
Technology,  Center  for  OCMM/ADP  and  Deputy 
Director  and  Acting  Director  of  the  Center 
for  Tactical  Octputer  Systems. 

He  has  served  as  the  NATO  U.S.  Dept,  of 
Defense  (DOD)  R^iresentative  to  SubGroip  IX, 
Defense  Equipment  Relieibility  and 
Maintainability  (R£M}  Assurance  and  as  a 
member  of  the  American  British  Canadian 
Australian  (ABCA)  Ocmraittee  on  RSM. 

Mr.  Pucilcwski  served  as  President  of 
the  Armed  Faroes  Ccramunicatic»is-ElectrCTu.cs 
Association  (APCEA)  Fart  Monmcxith  Oicpter 
and  as  the  Chairman  of  the  14th  and  17th 
Annual  AFCEA  Synposia.  Ite  also  serves  as  an 
Hcanarary  Advisor  Member  of  the  Board  of 
AUSA.  He  has  been  a  member  of  the  NJ  D^Tt 
of  Hii^ier  Education's  Panel  chi  Faculty 
Oevelcpment  in  Telecxxrnunic:aticHris  and  Amy 
Member  of  the  Joint  Directors  of 
Laboratories  SUbcenmittee  chi  C3.  He  has 
published  or  presented  over  thirty-five 
technic:al  p^^ers. 

A  native  of  Nfew  Jersey,  Mr.  Pucilcwski 
currently  resides  in  Howell  with  his  wife 
Maryann.  They  have  six  chilcirai— Adam, 
Joseph,  Linda  Ann,  Mary,  Kristin  and 
Francine. 
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Manuel  R.  Santana 
AT&T  Bell  Laboratories 
Norcross,  Georgia 


Manuel  R.  Santana  is  St^iervisor  of  the 
CXitside  Plant  cable  Groip  with  research  and 
developanent  responsibility  for  fiber-optic 
cables  used  in  the  outside  plant.  He  has 
been  involved  in  research  and  product 
development  in  fiber-optic  cable  and  he  has 
been  awarded  nine  patents  and  has  twenty- 
five  publicaticaTs  to  his  credit. 

Mr.  Santana  joined  AT&T  Bell 
laboratories  in  1970,  having  received  his 
B.S.E.E.  from  the  University  of  Hartford, 
and  M.S.E.E.  from  Georgia  Institute  of 
Technology.  He  is  a  senior  member  of  the 
IEEE. 


J.P.  (Jack)  Bucter 
President 

AT&T  NetJ^ark  Cable  Systems 
Bfcrristown,  New  Jersey 


Jack  Bucter  assumed  his  present  position 
as  I%esident,  AT&T  Network  cable  Systems 
(NCS)  effective  September  15,  1991.  NCS 
designs,  manufactures  and  markets  fiber, 
fiber  optic  and  copper  cable,  and  associated 
apparatus  for  systems  solutions  that  meet 
peoples'  needs  in  the  information  society. 
Rrlcr  to  his  current  assignment,  Mr.  Bucter 
served  as  President  of  AT&T  Business 


Comunications  Systems  (BCS) ,  starting  in 
April,  1989.  BCS  developed,  manufactured, 
serviced  and  sold  ooranunicatica^s  systems  for 
AT&T's  large  business  and  government 
customers. 

During  his  AT&T  career,  Mr.  Bucter  has 
held  management  positicans  in  marketing, 
product  management,  engineering, 
manufacturing  and  finance.  Previously,  Mr. 
Bucter  held  the  position  of  Vice  President, 
Product  Management  and  Marketing  in  AT&T's 
Qatmunications  Systems  Division. 

Mr.  Bucter  has  a  bachelor's  degree  in 
mathanatics  from  HtAart  College  and  a 
master's  degree  in  management  frcm  MIT, 
vhere  he  weis  a  Sloan  Program  participant. 

His  office  is  located  at  AT&T  Network 
Systems,  475  South  Street,  Morristcwn, 
Jersey. 


Michel  de  Veochis 
Chairman  of  Technical  Affairs 
of  EUROPACABLE 
Bruxelles,  Belgium 


Michel  de  Veochis  was  bom  in  1946.  He 
is  graduated  frcm  Eoole  Nationale  Si$)6rieure 
des  T§16ccniiuiiicatiGris  (1969) .  He  joined 
LIT  in  1970  vhere  he  vrorked  on  microwave 
ccnponents.  He  started  to  work  on  fiber 
optics  in  1974  and  has  been  Techniceil 
Director  of  the  Cable  Division  until  the 
merging  in  1986  of  UTT  cable  acrtivities  with 
Les  Cables  de  lyon  now  Alcatel  Cable.  He  is 
new  Director  of  Technical  International 
Marketing  at  Alcatel  Gable  Teleocrasunication 
Branch.  Since  1991  he  is  the  Chairman  of 
the  Technical  Oenmittee  of  Eurotelcab,  the 
Telocm  Business  Group  of  Eurcpacable. 

He  is  involved  in  International 
Standardization  of  cptical  fibers  and  cables 
(Chairman  of  CECC  VO  28  and  Secretary  a£  lEC 
SC  86  A) 
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Shimji  Kaibuchi 

Executive  Vice  President  of  NTT 
General  Manager  of  NTT  Kansai 
Telecommunications  Service  Region 
Osaka,  Japan 


Shxmji  Kaibuchi  was  bom  in  Tokyo,  Japan 
in  1937.  He  received  his  Bachelor's  degree 
in  Electrical  Engineering  in  1959  from  the 
University  of  Tokyo. 

In  1959  he  joined  Engineering  Bureau  of 
Nippon  Telegrafii  and  Telephone  Public 
corporation,  and  was  engaged  in  metajlic 
cable  develc^ment  and  outside  plant 
planning.  He  has  held  the  pxasitions  of 
Executive  Manager  of  Engineering  Bureau  in 
1974,  General  Manager  of  Shikoku  Regional 
Headquarters  in  1985,  and  Senior  Executive 
Manager  of  Procurement  and  Si;5^1y  D^jartment 
in  1988. 

His  work  has  greatly  contributed  to  the 
development  of  epical  fiber  cable  and 
related  technologies.  He  is  now  an 
Eicecutive  Vice  President  of  NTT  (Nippon 
Telegraph  euid  Tel^hone  Corporation)  and 
General  Manager  of  the  NTT  Kansai 
Telecommunications  Service  Region. 

He  is  a  member  of  Institute  of 
Electrcxiic,  Information  and  Communication 
Digineers  of  Japon  (lEICE) . 


Phil  W.  Black 
Technical  Director 
STC  Submarine  Systems 
Greenwich,  London 
United  Kingdom 

Ftiil  Blaok  is  the  Technical  Director  of 
STC  Submarine  Systems,  a  division  of 


Northern  Telecom  Europe  and  one  of  the 
world's  leading  suppliers  of  undersea 
telecommunication  cable  systems. 

Phil  stxjdied  Electrical  Engineering  at 
London  University  and  gained  a  B.Sc  (Eng) 
honours  degree  in  1966.  He  joined  Standard 
Telecommunication  Laboratories  Ltd  (STL) 
from  university.  STL  was  then  the  Central 
Researoh  facility  for  ITT  and  source  of  the 
original  paper  on  fibre  cp)tic  communications 
in  1966  and  is  now  BNR  Europe. 

After  four  years  on  materials  and 
component  develcpments  Hiil  joined  the 
optical  communications  grotp  and  took  charge 
of  the  silica  fibre  research  team.  This 
work  advanced  very  rapidly  in  the  early 
seventies  and  the  technology  developed  was 
used  to  set  vp  fibre  manufacturing 
facilities  in  the  USA,  Germany  and  the  UK. 

Phil  has  pjublished  a  number  of  papers, 
been  granted  more  than  twenty  patents  and 
served  on  OCITT,  lEC  and  BSI  committees  on 
fibre  and  cable  standards. 

As  his  career  developed  he  became 
involved  in  management  of  a  wider  range  of 
ccatponents,  and  system  activities  including 
develcpments  for  the  earliest  undersea  cable 
systems. 

From  this  research  base  he  transferred 
to  STC  Submarine  Systems  in  Lexidon  first  as 
Assistant  Technical  Director  canoentrating 
on  advanced  techriolcjgy  and  exarponents, 
before  being  appainted  to  his  present 
position.  As  Technical  Director  he  has 
respansibility  for  advanced  research  work, 
prcxluct  development  and  the  performance  of 
installed  turnkey  systems.  This  includes 
cable  activities  in  the  UK  (Scuthanpton)  and 
USA  (Portland) ,  and  repeaters,  terminals  and 
pxwer  feed  in  the  UK  (Greenwich) . 
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UJNCHBCN  SPEAKER 


McAvoy  Layne 
as  Mark  Twain 
Incline  Village,  Nevada 


When  elided  how  he  got  started  portraying 
Mark  Twain,  McAvoy  Layne  responds,  "Well  I 
had  all  these  vAiite  suits  hanging  in  ray 
closet. . 

But  actually  it  was  a  fortunate  freak  of 
nature  that  left  McAvoy  sncsAxxind  on  the 
shores  of  Lake  Tahoe  in  the  winter  of 
'75...  1975,  with  nothing  but  a  dart  board 
and  sane  bcxDks.  Ife  threw  darts  for  three 
days,  then  reached  down  and  picked  vp  the 
works  of  Mark  TWain.  When  rescued  two  days 
later,  delirious  with  cabin  fever,  he  was 
reciting  pcissages  of  TWain. 

For  five  years  new,  McAvoy  Layne  has 
been  delivering  the  wit  &  wisdon  of  The  Wild 
Humorist  of  the  Pacific  Slope,  retracing  his 
st^>s  from  Virginia  City  to  Russia.  "It's 
like  being  a  Moiday  throu^  Friday  preacher, 
vhose  sennon,  thouc^  not  reverently  pious, 
is  fervently  American." 
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Preliminaiy  Research  into 
High-Count  Pre-Connectorized  Optical  Fiber  Cable 

Shigeru  TOMITA.  Michito  MATSUMOTO.  Shinji  NAGASAWA 
Tadatoshi  TANIFUJl  and  Takuya  UENOYA* 


NTT  Telecommunication  Field  Systems  R  &  D  Center 
•NTT  Network  Systems  Development  Center 


Abstract 

We  present  a  cable  with  a  new  structure  called  U- 
groove  unit  cable.  With  this  structure,  the  cable  cross 
sectional  area  is  about  30%  less  than  that  of  the  well- 
known  slotted-core  cable  under  the  same  conditions 
such  as  holding  the  same  number  of  fiber  ribbons  with 
the  same  clearances.  In  this  paper,  we  describe  the 
characteristics  of  a  1500-fiber  cable  which  contains  12- 
fiber  ribbons.  This  cable  shows  good  performance  in 
conventional  cable  tests. 

Next,  we  present  a  16-fiber  connector  and  describe  its 
performance.  This  connector  was  designed  for  use  with 
a  16-fiber  ribbon  which  contains  small  diameter  coated 
fibers.  The  connection  loss  is  the  same  as  that  of 
conventional  MT-connectors. 

In  addition,  we  describe  our  concepts  toward  a  4000- 
fiber  cable  and  a  pre-connectorized  cable  end. 


1.  Introduction 

NTT  is  currently  discussing  an  FTTH  (Fiber  To 
The  Home)  construction  program  called 
OFL2ltll.  In  order  to  construct  FTTH 
networks,  very  high  count  optical  fiber  cables 
and  connectors  are  needed.  We  presented  a  new 
cable  concept  and  new  connector  structures 
which  are  useful  for  this  purpose  in  the  40th 
IWCS.I2I.I31 

This  paper  is  the  second  report  on  these 
developments.  First,  we  describe  the  design 
and  performance  of  1500-  and  360-  fiber  U- 
groove  unit  cables  both  of  which  contain  12- fiber 
ribbons.  Next,  we  describe  the  structure  and 
performance  of  a  16-fiber  connector.  In 
addition,  we  present  4000-flber  cable  and  pre- 
connectorized  cable  end  design. 


2.  U-gtoove  unit  cable 


In  order  to  replace  all  existing  copper  cables, 
optical  fiber  cables  are  required  which  have  the 
same  core  count  as  the  copper  cable  pair  count. 
The  highest  count  cable  in  copper  networks,  has 
3600  pairs.  Therefore,  we  began  to  study  high 
density  and  high  count  cable  which  can  hold 
4000  fibers,  taking  into  account  to  the  potential 
future  increase  in  subscribers.  The  U-groove 
unit  is  a  useful  basis  from  which  to  develop  a 
high  density  and  high  count  cable.  Figure  1 
shows  a  cross  section  of  U-groove  unit  cable. 


Figure  1  U-groove  unit  cable  structure 


2.1  Benefits  of  U-groove  unit  cable 

The  biggest  benefit  of  this  structure  is  that  the 
fiber  density  is  much  higher  than  conventional 
cable.  Figure  2  shows  the  well-known  slotted- 
rod  cable.  This  1000-fiber  cable  contains  8-fiber 
ribbons,  and  its  diameter  is  40  mm.  141  if  we 
use  the  U-groove  unit  cable  design,  the  diameter 
will  be  reduce  to  33  mm.  with  no  change  in  the 
other  conditions  such  the  number  of  fiber 
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Figure  2  Slotted  rod  cable  structure 


ribbons  and  the  clearances.  This  means  that  the 
cable  cross  sectional  area  is  about  30%  less  than 
that  of  slotted-core  cable. 

Another  benefit  is  that  we  can  handle  the  U- 
groove  units  separately.  All  cables  can  be 
divided  into  units  at  the  cable  splicing  points. 
With  conventional  copper  cables,  we  branch 
several  units  which  contain  100  or  200  pairs  at 
splicing  points.  U-groove  unit  cable  can  meet 
this  requirement  because  its  units  are  stranded 
around  the  central  member,  but  not  fixed  to  it. 


Next,  we  describe  our  experimental  cable 
structures. 


The  coated  fiber  we  use  is  conventional  0.25 


mm  diameter  2-layer  (  soft  and  hard  )  coated 
fiber  as  shown  in  figure  3.  The  fiber  is  matched 


cladding  single-mode  fiber  standardized  by 


CCITT. 


2.2.2  12-flber  ribbon 

We  use  12-fiber  ribbons  in  this  experiments  as 
the  use  of  higher  count  fiber  ribbon  is  an 
effective  way  of  increasing  fiber  density.  Ribbon 
coating  thickness  of  a  12-fiber  ribbon  is  the 
same  as  that  of  conventional  4-  and  8-fiber 
ribbons.  A  cross  section  of  a  12-fiber  ribbon  is 
shown  in  figure  4. 


Figure  4  12-fiber  ribbon 


2.2.3  U-groove  unit 

For  our  experiments,  we  designed  a  U-groove 
which  contains  five  12-fiber  ribbons  as  shown  in 


figure  5.  The  U-groove  units  are  stranded,  as 
shown  in  figure  1.  The  inscribed  circle  radius 
Ri  of  the  stranded  U-groove  units  is  shown  in 


figure  6  and  is  expressed  below  as  equation  1, 


Ri=b/2(l/tan(n/n))  (1) 


where  a  is  unit  height,  b  is  unit  width  and  n  is 
the  number  of  stranded  units. 

The  circumscribed  circle  radius  Rq  is 
expressed  as  equation  2. 

Ro=((b/2)2+(a+Ri)2)l/2  (2) 


Figure  3  Coated  optical  fiber 


Figure  5  U-groove  unit 
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Cable  B  is  composed  of  6  stranded  U-groove 
units  in  one  layer. 

Both  cables  have  a  2.5  mm  thick  sheath  and  a 
strength  member  composed  of  seven  stranded 
steel  wires  2.0  mm  in  diameter. 


Figure  6  U-groove  cable  size 
calculation  model 

2.2.4  Cables 

We  manufactured  two  cables  as  shown  in  figure 
7.  Cable  A  is  a  1500-fiber  cable  100  m  in  length. 
Cable  B  is  a  360-fiber  cable  500  m  in  length. 

The  cable  lengths  are  different  because  of  the 
limitation  of  the  manufacturing  equipment. 

Cable  A  is  composed  of  25  U-groove  units  which 
are  stranded  in  two  layers.  10  U-groove  units 
are  stranded  in  an  inner  layer  and  15  U-groove 
units  are  stranded  in  an  outer  layer. 


[QOOQQOOOOOQO] 


12-&ber  ribbon 


U-groove  unit 


- 35mm - ►] 

(a)  cable  A;  1500-fiber  cable 


2.3  Performanr.e  of  IT-gtoove  unit  cable 

We  believe  that  the  two  cables  shown  in  figure 
7  would  exhibit  similar  results  with  regard  to 
loss  variation  during  manufacture,  because  loss 
variation  depends  on  both  fiber  ribbon  and  U- 
groove  size.  They  exhibit  similar  results  in  heat 
cycling  test,  because  loss  variation  and  fiber 
elongation  both  depend  on  the  temperature 
characteristics  of  the  cable  materials.  However, 
in  other  cable  tests  such  as  bending,  squeezing 
and  crushing,  the  two  cables  may  exhibit 
different  characteristics,  because  these  test 
results  depend  on  cable  size. 


[QOOQOOQOOOOO) 


12-fiber  ribbon 


U-groove  unit 


n>)  cable  B;  360-fiber  cable 


Figure  7  Experiment  Cable  Structure 
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2.3.1  Loss  variation  during  Tnaniifiir.tiire 

A  long  length  of  cable  is  required  for  a  detailed 
study  of  loss  variation  during  manufacture  in 
order  to  ensure  measurement  accuracy.  Cable  A 
is  too  short  and  so  we  use  cable  B  for  this 
measurement.  Figure  8  shows  the  measurement 
results.  It  appears  that  the  maximum  loss  of 
cabled  fiber  is  a  little  higher  than  that  of  original 
fiber.  However,  the  average  loss  is  almost  the 
same  and  the  maximum  loss  Increase  is  very 
small,  so  we  think  that  this  apparent  difference 
is  not  a  big  problem. 


Figure  8  Transmission  loss  during 
manufactme 

2.3.2  Temperature  characteristics 

Figure  9  shows  the  loss  variation  of  cable  B  due 
to  temperature  change.  The  loss  variation  is  less 
than  0.05  dB/km  in  the  -30OC  to  +600C 
temperature  range.  This  value  is  almost  scime  as 
that  of  conventional  optical  fiber  cables. 
Therefore,  we  think  that  this  test  results  is 
satisfactory. 


2.3.3  Bentling  rharacterlstics 

Cable  A  was  bent  with  a  radius  ranging  from 
200  to  600  mm  and  the  loss  increase  and 
maximum  elongation  were  measured.  The 
results  are  shown  figure  10  and  1 1  respectively. 
With  a  radius  of  200  mm,  we  detected  a  small 
loss  increase  and  the  maximum  elongation  is 
about  0.17%.  The  loss  increase  values  are  the 
same  as  those  of  1000-fiber  slotted  rod  core 
cable.  In  this  bending  radius  range,  the 
maximum  elongation  is  less  than  that  of  1000- 
fiber  slotted  core  cable.  Therefore,  we  found 
that  cable  A  is  reliable  when  the  cable  bending 
radius  is  higher  than  or  equal  to  300  mm. 


Figure  10  Loss  increase  due  to  bending 


Figure  1 1  Elongation  due  to  bending 


2.4.4  Other  test  results 

We  measured  the  cable  characteristics  under 
the  following  conditions. 

(1)  Crushing 

There  was  no  loss  increase  in  either  cable  A  or 
B  with  a  crushing  force  of  up  to  2000  N  applied 
to  100  mm  of  cable. 
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(2)  Tension 

There  was  no  loss  increase  in  either  cable, 
when  a  100  m  length  was  subjected  to  a  pulling 
force  of  up  to  8000  N. 

(3)  Squeezing 

There  was  no  loss  increase  when  the  cables 
were  squeezed  across  a  mandrel  radius  of  600 
mm  with  a  pulling  force  of  up  to  8000  N. 

These  test  conditions  are  the  same  as  those 
used  for  conventional  1000-fiber  slotted  rod 
core  cable,  so  we  consider  cables  A  and  B  to  be 
suitable  for  application  under  conventional 
installation  condition. 

2.4  Toward  a  4000-fiber  cable 

It  is  confirmed  above  that  U-groove  unit  cable 
is  reliable  in  conventional  test.  Next,  we 
describe  how  to  increase  the  fiber  count  in  the 
cable.  In  the  last  IWCS,  we  reported  to  decrease 
the  coated  fiber  diameter  and  to  increase  the 
fiber  count  in  a  ribbon.  [21  in  that  paper,  we 
described  0.16  mm  diameter  coated  fiber  and 
16-fiber  ribbon.  If  these  components  can  be 
used  in  practice,  we  will  be  able  to  fabricate  a 
4000- fiber  cable  35  mm  in  diameter  by 
replacing  the  five  12-fiber  ribbon  stack  with  a 
ten  16-fiber  ribbon  stack  as  shown  in  figure  12. 
Recently,  we  manufactured  a  16-fiber  ribbon 
with  coated  fibers  less  than  0.2  mm  in  diameter. 
Its  transmission  attenuation  is  almost  the  same 
as  that  of  conventional  fiber  ribbons,  and  its 
other  characteristics  are  now  being  measured. 


12-fiber  X  5 


16-fiber  x  10 


Figure  12  Next  step  to  develop 
4000-fiber  cable 


3.  16-fiber  connector 

Using  the  16-fiber  ribbon  mentioned  above,  we 
evaluate  a  newly  developed  16-fiber  connector. 

3.1  Structure 

Figure  13  shows  a  16-fiber  connector  with  a 
structure  similar  to  that  of  conventional  MT- 
connectors.(4]  It  consists  of  a  pair  of  plastic 
ferrules,  two  guide  pins  and  a  clamp  spring.  At 
the  ferrule  end,  sixteen  fibers  are  positioned 
between  two  guide  pin  holes.  The  ferrules  are 
aligned  by  inserting  the  two  guide  pins  fitted 
into  the  guide  pin  holes  and  are  held  by  the 
clamp  spring. 

The  distance  between  the  fiber  holes  is  less 
than  that  in  conventional  connectors.  This  is 
because,  16-fiber  ribbons  contain  coated  fiber 
which  is  less  than  0.2  mm  in  diameter.  The  16- 
liber  connector  is  slightly  larger  than 
conventional  connectors. 


Figure  13  16-fiber  connector 
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3.2  Performance 

We  measured  the  connection  loss  of  16-fiber 
connectors  as  shown  in  figure  14.  The  mean 
value  was  0.31  dB  and  the  standard  deviation 
was  0.16  dB.  These  are  almost  the  same  as  the 
values  for  MT-connectors.  This  means  that  MT- 
connector  manufacturing  technologies  are  also 
useful  for  16-fiber  connectors. 

However,  in  the  age  of  FTTH,  a  connection  loss 
is  less  than  0.2  dB  will  be  required.  Therefore, 
we  should  refine  these  technologies. 

Other  cheiracteristics  such  as  temperature  and 
humidity,  are  currently  being  studied. 


Figure  14  Connection  loss  in  16-flber  connector 

3.3  Toward  pre-connectorized  cable 

The  16-fiber  connector  mentioned  above,  is 
the  key  component  of  a  connectorized  cable 
end.  At  the  last  IWCS,  we  presented  the  unit 
connectors  and  cable  end  design  for  high  count 
fiber  connection  shown  in  figures  15  and  16. 

The  aim  was  to  reduce  connection  time.  When 
we  use  40-fiber  unit  connectors  which  are 
composed  of  8-fiber  connectors,  it  is  possible  to 
connect  200-fiber  pre-connectorized  cable  in  20 
minutes.  13)  It  takes  10  minutes  to  remove  the 
pulling  eyes  and  to  install  the  lower  and  upper 
covers.  Therefore,  the  connection  time  is  2 
minutes  for  each  connector. 

If  we  use  an  80-fiber  connector  composed  of 
five  16-fiber  connectors  as  shown  In  figure  17, 
we  can  connect  a  4000-flber  cable  in  110 
minutes.  This  is  based  on  a  connection  time  of 
about  2  minutes  for  each  connector,  and  a 
closure  assembly  time  of  about  10  minutes. 


Figure  15  40-fiber  tmit  connector 
(8-fiber  connector  z  5) 


unit  connector 


Lower  cover 
attachment 


Unit 

connection 


-upper  cover 


Upper  cover 
attachment 


Figure  16  Cable-end  structure  for  unit  connector 
and  procedures 


Figure  17  80-fiber  unit  connector 
(16-fiber  connector  z  5) 
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4.  Conclusions 


In  the  past  year  we  have  begun  to  study  on 
high-count  and  high-density  cables  and 
connectors  in  order  to  construct  optical 
subscriber  cable  networks  for  FTTH.  Thus  for 
we  have  clarified  the  following  items. 

(1)  U-groove  units  are  useful  for  the 
development  of  high  count  cable. 

(2)  1500-fiber  cable,  35  mm  in  dieimeter  is 
reliable  under  conventional  installation 
conditions. 

(3)  16- fiber  connector  performance  is  the  same 
as  that  of  a  conventional  MT-connector. 

We  are  continuing  to  study  this  cable  and 
connector  with  the  aim  of  developing  4000-fiber 
pre-connectorized  cable,  towards  the  ultimate 
goal  of  an  all  optical  fiber  subscriber  network. 
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Microbending  Loss  of  Thin  Coating  Single  Mode  Fiber 
for  Ultra  -  High  -  Count  Cable 

W.  Katsurashima,  Y.  Kitayama,  K,  Oishi,  T.  Kakuta,  N.  Akasaka 
Sumitomo  Electric  Industries,  Ltd. 


Abstract 

For  the  higher  count  and  higher  density  optical 
cable,  we  manufaicured  downsized  coated 
optical  fibers  and  evaluated  their  microbending 
behavior.  Theoretical  and  experimental 
evaluation  revealed  that  a  160  pm  fiber  was 
seven  times  more  sensitive  to  lateral  forces 
than  conventional  250  pm  diameter  fiber. 

We  also  investigated  the  improvement  of 
microbending  resistivity  and  confirmed  that 
fibers  with  the  secondary  coatings  of  higher 
modulus  of  elasticity  showed  less  microbending 
loss  increase  than  these  with  conventional 
coating  materials. 


luIntEQduction 

In  1990,  NTT  revealed  the  idea  of 
telecommunications  services  on  the  21st 
century,  named  VI&P.  (1)  To  realize  this 
concept,  it  is  necessary  to  extend  optical  fiber 
cables  to  all  users.  We  must  replace 
conventional  copper  pair  cable  consists  of 
several  thousands  of  copper  pairs  by  almost 
the  same  fiber  core  count  optical  cable. 

Now,  up  to  1000  fiber  core  count  cable 
is  introduced  as  subscriber  optical  cable  and 
installed  only  in  metropolitan  area  where  we 
have  feeder  points  within  700  m.  However  to 
realize  FTTH  conception,  we  must  extend 
optical  fiber  loops  into  rural  areas  and  lengthen 
the  installation  length  up  to  the  1500  m.  To 
achieve  this  target,  optical  fiber  cables  with 
diameter  of  about  35  mm  are  required.  (Z) 

Downsizing  single  mode  optical  fiber  is 
one  of  the  most  promising  method  to  realize 
several  thousands  fiber  count  cable  with  small 
cable  diameter.  However  coatings  has  two 
essential  functions,  namely  protection  of  the 
fiber  from  abrasion  and  microbending  losses 
caused  by  lateral  forces.  Hence,  in  reducing 
the  coating  diameter,  we  should  pay  careful 
attention  to  these  effects. 


In  this  paper,  we  studied  the 
microbending  characteristics  of  thin  coated 
optical  fibers.  Diameter  of  the  fiber  glass  is 
remained  to  be  125  pm  considering  the 
connection  with  existing  lines  through  this 
paper.  We  manufactured  optical  fibers  of 
several  sizes  in  coating  diameter  and  evaluated 
microbending  characteristics.  Presumed 
Microbending  Loss  (PML)  method  is  also 
introduced  to  compare  microbending  loss  of 
fibers  with  different  parameters. 


2.  Coated  Optical  Fiber 

Coatings  are  duly  attached  around  fiber 
glass  for  protection  of  glass  from  breakage. 
These  coatings  have  another  fundamental 
functions  of  increasing  resistivity  against 
microbending  caused  by  lateral  forces. 

2  -  layer  coating  structure  (Fig.  1 )  is  simple 
and  effective  design  to  reduce  external  force 
that  reaches  the  surface  of  glass.  Secondary 
layer  lessens  the  deformations  caused  by  outer 
force  and  primary  layer  functions  as  cushion. 
We  deal  with  this  2  -  layer  coating  structure 
throughout  this  paper. 
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For  the  given  optical  fiber  diameter, 
optimum  primary  diameter  is  also  determined  in 
terms  that  minimum  stress  on  glass  surface  is 
achieved  against  lateral  forces.  (3)  However  this 
optimum  structure  in  terms  of  minimum  stress 
does  not  coincide  with  that  in  terms  of 
microbending  loss  increase  due  to  cabling.  We 
discuss  it  later. 


In  this  way,  we  can  measure  the  optical 
loss  caused  by  adequate  loads  because  the 
sample  length  reaches  several  hundreds  of 
meters.  Chromatic  loss  spectrum  is  measured 
before  and  after  winding  test  (Fig.  4)  and  we  get 
a  loss  increase  by  subtraction. 

4.  Presumed  Microbendino  Loss  fPMLt 


3.  Measuring  Method 

To  estimate  microbending  characteristics, 
plates  method  is  well  known.  (Fig.  2)  In  this 
method,  optical  fiber  is  set  between  two  plates 
(probably  metal  plates  with  or  without 
sandpapers)  ,  and  plates  pushes  fibers.  We 
measure  microbending  loss  increase  due  to 
deformations. 

However  applied  loads  are  extremely 
larger  compared  to  that  given  in  actual  cabling 
process.  Plates  can  damage  the  coatings  of 
diameter  diminished  optical  fibers  at  worst  and 
it  is  likely  that  it  ends  up  only  a  abrasion  test 
not  for  microbending  test. 

To  give  adequate  lateral  forces  uniformly, 
long  span  winding  test  (Fig.  3)  was  adopted. 
Sand  papers  of  #1000  (according  to  JIS)  was 
wound  around  a  reel  and  fibers  on  it. 


Constant  Tension 


reel 


It  is  well  known  that  microbending  loss 
depends  on  fiber  parameters.  Hence,  in  the 
actual  experiment,  it  is  rather  difficult  to 
compare  the  detected  loss  increase  of 
individual  fiber  with  different  parameters.  In 
order  to  overcome  this  problem,  we  introduced 
presumed  microbending  loss  (PML)  method. 

By  fitting  the  measured  data  to 
microbending  formula  of  Petermann  (4),  given  by 
follows, 

4  r2 

where 

Ap  =  — J— .  (l)(£2)  =  VirUexp[-(^)  ] 

wgkgni  ^ 

we  get  the  correlation  length  Lc  and  average 
bending  radius  R.  These  parameters  are 
assumed  to  be  inherent  to  the  bending 
condition  and  not  to  be  influenced  by  fiber 
parameters.  Hence  the  effect  of  fiber  parameter 
difference  on  the  induced  loss  increase  is 
compensated.  Substituting  Lc  and  R  again  into 
the  equation  presuming  standard  fiber,  whose 
mode  -  field  -  diameter  is  9.5  pm  and  effective 
cut  -  off  wavelength  is  1.25  pm,  and  we  get 
presumed  microbending  loss  (PML)  that  is  fairly 
converted  microbending  loss  increase. 


Wavelength  (nm) 


Fig.4  chromatic  loss  spectium 
before  and  after  winding  test 
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5.  Preliminary  Experiment 


5-2  Temperature  Dependence  on  Loss  Increase 


5-1  Spool  Tension  and  Correlation  Length 

Correlation  length  reflects  the  periods  of 
bending  of  fiber.  This  physical  assumption 
naturally  leads  us  that  fibers  wound  on  a  reel 
with  different  tension  should  have  the  same 
correlation  length  Lc  provided  we  use  same 
fiber  and  same  reel. 

To  examine  this  assumption,  we 
manufactured  coated  optical  fibers  with  diameter 
of  160 pm.  It  has  2 -layer  coating  structure  with 
145  pm  primary  layer  and  160  pm  secondary 
layer.  Diameter  of  glass  fiber  is  125  pm.  We 
wound  this  fiber  around  sand  -  paper  reel  with 
tension  of  27  g,  37  g  and  47  g  respectively. 

Fig.  5  shows  the  measured  loss  increase 
by  long  -  span  winding  test.  We  get  the 
microbending  parameters  Lc  by  fitting  this 
measured  data.  Calculated  parameter  Lc  is 
plotted  in  Fig.  6.  Lc  remains  constant 
regardless  of  winding  tension.  This  result 
indicates  that  correlation  length  is  determined 
by  only  fiber  structure  and  the  surface 
conditions  of  reel  and  we  confirmed  that  our 
experiment  is  efective  by  this  preliminary 
experiment. 


1200  1400  1600 

Wavelength 

Fig.  5  Loss  Increase  caused  by  winding  test 
(fiber  diameter  is  160  pm) 


Spool  Tension  (g) 
Fig.  6  spool  tension  and  Lc 


A  reel  has  its  thermal  coefficient  of  liner 
expansion  in  itself.  Environmental  condition 
variation  can  do  harm  in  our  experiment.  And 
also  the  stiffness  of  reel  might  affect  the  data. 
To  examine  this  problem,  we  had  another 
preliminary  experiment. 

Sand  -  papers  were  attached  on  the 
surfaces  of  the  two  reels  made  of  plastic  and 
aluminum  respectively.  Test  fibers  were  wound 
around  the  reel  with  the  tension  of  50  g  and 
put  into  a  heat  chamber.  Temperature  around 
the  winding  machine  was  25.5  °C.  We  changed 
the  temperature  in  the  chamber  by  5  degrees 
centigrade  around  25.5°C,  so  temperature 
range  was  25.5  ±  5  °C.  Optical  loss  at  the 
wavelength  of  1.55  pm  was  measuted  using 
OTDR. 

Fig.  7  shows  the  measured  optical  loss. 
Open  circle  indicates  the  plastic  reel  and  closed 
one  the  aluminum  reel.  Optical  Losses  indicate 
clear  linear  dependence  on  temperature  and  we 
can  read  the  gradient  of  loss  increase  in  terms 
of  temperature.  We  got  0.048  dB  /  km  /  °C  by 
alminum  reel  and  if  we  assume  that  loss 
increase  is  proportional  to  the  tension,  we  have 
2.5  *  10-5  [1/  °C]  for  the  coefficient  of  linear 
expansion  of  aluminum  reel.  The  coefficient  of 
linear  expansion  of  aluminum  is  2.3  *  10-5  [1/®C] , 
that  is  described  in  ref.  (5)  for  example.  And 
we  get  7.9  *  lO-s  [1/  ®C]  for  plastic  reel  by  the 
same  way  and  this  fugure  is  also  very  close  to 
the  data  we  can  find  in  many  books  that  treat 
various  coefficients  including  linear  expansion 
of  plastics. 


Fig.  7  optical  loss  by  winding  test 
in  terms  of  temperature 


International  Wire  &  Cable  Symposium  Proceedings  1992  15 


And  also  from  Fig.  7,  we  must  notice  that 
if  we  use  different  reels  for  this  experiment,  we 
can  not  expect  same  loss  increase  any  more. 
Plastic  reel  lessen  the  effect  of  lateral  force  and 
the  mesured  induced  loss  tends  to  be  smaller 
than  when  we  use  aluminum  reel.  And  we  also 
can  not  expect  the  surface  and  the  base  of 
sand  -  papers  commercially  available  to  be 
uniform.  We  should  use  same  reel  during 
concerned  experiences. 

From  this  preliminary  experiment,  we 
know  clarify  important  points, 

(1)  We  should  keep  emvironmental 

temperarute  to  be  constant  as  possible. 

(2)  Microbending  loss  increase  is 
proportional  to  the  tension.  This  result  is 
consistent  with  the  result  of  previous  preliminary 
experiment. 

(3)  We  must  not  change  test  reel  during 
concerned  experiments. 


6.  Experiment 

6.1  Microbending  Loss  of  Downsized  Fibers 

To  construct  ultra  -  high  -  density  and  high  - 
fiber  -  count  optical  cable,  downsizing  optical 
fibers  is  one  of  the  most  promising  technologies. 
Diameter  of  the  glass  fiber  should  be  125  pm 
considering  the  connection  with  existing  lines. 
So  downsizing  the  coated  optical  fiber  means  to 
thin  the  coatings.  At  first  we  must  know  the 
sensitivity  against  microbending  in  terms  of  the 
coating  thickness. 

We  manufactured  four  downsized  fibers 
and  a  conventional  250  pm  diameter  fiber  to 
refer.  In  table  1,  fiber  dimensions  and 
parameters  are  indicated  for  our  test  samples. 

Fig.  8  shows  the  measured  microbending 
loss  and  PML  at  1.55  pm.  Close  circle  indicates 
the  measured  data.  It  can  not  be  clarified  which 
fiber  is  superior  in  terms  of  microbending  from 
the  measured  data  as  our  test  fibers  have 
different  fiber  paremeters  respectively.  The 
open  circles  indicate  PML.  These  circles  show 
a  clear  dependence  on  coating  diameter  and 
we  confirmed  these  measurement  done  well. 
We  now  know  the  sensitivity  against 
microbending  compared  with  250  pm  fiber. 
Loss  increase  at  the  wavelength  of  1 .55  pm  is 
about  6.5  times  more  sensitive  by  160  pm  fiber, 
4  times  by  180  pm  fiber,  and  3  times  by  200  pm 
fiber. 


Fig.  9  shows  the  ratio  of  PML  at  1 .55  pm 
to  that  of  1.3  pm.  Experimental  result  shows 
that  if  we  downsize  the  coated  fiber,  these 
fibers  have  smaller  wavelength  dependence 
and  the  loss  increase  at  1.3  pm  may  be 
compatable  to  that  at  1.55  pm.  It  means  that 
correlation  length  Lc  become  shorter  as  fiber 
coatings  is  diminished(Fig.  10  indicates  the 
measured  Lc).  It  can  be  explained  by  the 
physical  effect  of  the  coatings  to  cut  off  the 
minute  fluctuation  on  the  reel  surface.  Thick 
coatings  translate  only  relatively  long  span 
sluctuations  to  fiber  glass  and  thin  coatings  can 
translate  shorter  ones  to  the  glass.  So  the 
wavelength  dependence  become  smaller. 


Table  1  Test  Sample 


Sample 

Secondary  Diam. 

Primary  Diam. 

MFD 

Xc 

A 

160  pm 

145  pm 

9.6  pm 

1.26  pm 

B 

170 

150 

9.7 

1.25 

C 

180 

155 

100 

1.25 

D 

200 

165 

9.9 

1.25 

E 

250 

180 

9.7 

1.25 

Coated  Diameter  (pm) 

Fig.  8  Measured  and  PML  at  1 .55  pm 


Fig.  9  ratio  of  PML  at  1 .55  pm  to  1 .3  pm 


16  International  Wire  &  Cable  Symposium  Proceedings  1992 


6-2  Lc  and  Primary  Diameter 

It  is  very  interesting  that  correlation 
length  Lc  in  Fig.  10  increases  in  order  as  the 
fiber  diameter  increases  in  spite  that  we 
choosed  primary  diameter  without  an  intention. 
We  had  another  experiment  to  confirm  the 
effect  of  primary  diameter  on  microbending. 

We  intended  to  manufacture  the  smallest 
diameter  fiber  of  160  pm  at  first.  However  it  is 
very  difficult  to  make  160  pm  fiber  with  different 
primary  diameters.  So  we  used  180  pm 
diameter  fiber  for  instead.  Three  samples  were 
manufactured  with  thier  primary  diameter  of  150 
pm,  160  pm  ai.d  170  pm  respectively.  They 
were  wound  around  sand  -  paper  reel  (  different 
reel  from  the  reel  that  was  utilized  in  the  chap. 
6-1  )  with  the  tension  of  50  g. 

Fig.  11  indicates  the  PML  of  these  fibers. 
Microbending  loss  indicates  clear  dependence 
on  primary  diameter  and  170 /180  pm  fiber  has 
the  best  resistivity  against  microbending.  It  is 
very  interesting  result  compared  to  the  analysis 
result  of  the  stress  on  fiber  calculated  by  FEM 
(Fig.  12)  .  According  to  this  FEM  analysis, 
stress  on  fiber  glass  is  the  least  when  primary 
diameter  is  about  150  pm.  This  experiment 
indicates  that  we  can  not  know  the 
microbending  characteristics  by  the  stress  on 
glass  fiber  only. 

Fig.  13  shows  the  correlation  length  Lc 
and  average  bending  radius  R.  Lc  has  little 
dependence  on  primary  diameter,  however  R 
shows  the  relationship 

R  oc  1  / 

from  the  experiment,  ks  is  the  spring  constant 
determined  by  FEM. 


Coated  Diameter 

Fig.  1 0  coated  diameter  and  correlation  length 


Now  we  know  two  important  things  from 
the  experiments, 

(1)  Once  fiber  coating  material,  deameter 
and  bending  condition  (reel  for  spool)  is  given, 
Lc  is  generally  determined  and  affected  little 
by  primary  diameter. 

(2)  Average  bending  radius  R  is 
proportional  to  R  “  1  /  VTkj  where  T  is  the 
spool  tension. 


Fig.  1 1  PML  of  downsized  optical  fiber 
with  different  primary  diameter 


140  150  160  170  180 

Primary  Diam. 

Fig.  12  primary  diameter  and  relative 
stress  on  fiber  glass  (Coated  diameter 
is  1 80  pmb) 


Primary  Diameter  (pm) 

Fig.  1 3  Lc  and  R  of  downsized  fiber 
with  different  primary  diameter 


E 

cc 
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7.  Improvement  of  Resistivity  against  Microbending 

So  far  we  manufactured  test  samples 
using  the  same  coating  materials.  To  improve 
the  resistivity  against  microbending,  technologies 
of  ultra  high  modulus  of  elasticity  for  secondary 
layer  and  low  modulus  of  elasticity  for  primary 
layer  are  promising  for  long  correlation  length 
Lc  and  large  bending  radius  R  respectively. 

In  this  paper,  we  studied  the  effect  of 
high  Young's  modulus  for  secondary  coating. 
We  prepared  2  test  samples  with  their  diameter 
of  160  pm.  Modulus  of  elasticity  of  these  fibers 
are  50kgf/mm2  and  150kgf/mm2  respectively. 

Fig.  14  shows  the  PML  of  these  test 
samples.  Samples  with  higher  coating  material 
indicates  stronger  wavelength  dependence 
compared  to  another  sample  and  shows  less 
microbending  loss  increase  during  the 
communication  wavelength  window  of  1.3  to 
1.55  pm.  From  this  experiment,  we  confirmed 
that  coating  material  of  higher  modulus  of 
elasticity  is  effective  for  the  resistivity  against 
microbending. 


Wavelength  (pm) 

Fig.  1 4  PML  of  fibers  with  different 
secondary  coating  material 


(1 )  Downsized  optical  fiber  is  from  3  to  7 
limes  more  sensitive  against  microbendig  than 
conventional  250  pm  fiber  if  compared  at  1.55 
pm. 

(2)  Once  fiber  diameter,  coating  material 
and  the  bending  condition  (  reel  )  are  given, 
correlation  length  is  determined  and  primary 
diameter  affects  little. 

(3)  By  using  material  with  higher  modulus 
of  elasticity  for  secondary  layer,  we  can 
achieve  longer  Lc  and  lower  loss  increase 
during  the  communication  window. 

We  have  still  many  promlems  left  to 
realize  downsized  optical  fibers  for  practical 
use.  Primary  coating  material  with  lower 
modulus  of  elasticity,  microbending  characteristics 
after  ribbon  coating  and  cable  design  suitable 
for  these  fibers  are  the  problems  that  should 
be  conquered  for  example. 
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8.  Conclusions 

To  realize  FTTH,  ultra  high  fiber  count 
cable  with  small  diameter  is  indispensable. 
Diminishing  fiber  diameter  is  one  of  the 
promising  technique  to  complete  this  cable  and 
we  clarified  the  fundamental  characteristics  of 
microbending  loss  for  these  downsized  coated 
optical  fibers. 

We  introduced  presumed  microbending 
Loss  method  and  by  compensating  fiber 
parameters  we  can  compare  the  fibers  with 
different  paremeters.  And  we  clarified  that 
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Abstract 

Several  studies  on  the  lateral  pressure 
characteristics  of  coated  optical  fibers  were  made 
so  far.  In  this  paper,  we  have  introduced  a 
regression  formula  of  microbending  loss  by 
multi-regression  analysis  to  study  the  effects  of 
coating  structure  on  the  lateral  pressure 
characteristics  of  downsized  coated  optical  fibers. 
From  this  regression  formula,  it  was  considered 
that  a  larger  Young’s  modulus  of  secondary 
coating  and  a  larger  diameter  of  the  primary 
coating  are  advantageous  in  improving  the  lateral 
pressure  characteristics  of  downsized  coated 
optical  fibers.  Based  on  these  results,  we  have 
manufactured  downsized  coated  optical  fibers 
with  a  high  Young’s  modulus  secondary  coating 
and  obtained  good  results  both  in  lateral 
pressure  and  temperature  characteristics. 


I  Introduction 

NTT  is  promoting  a  plan  to  apply  optical  fibers 
to  the  whole  subscriber  network  and 
ultra-high-denslty  and  high-count  optical  cable 
is  required  to  implement  such  plan.”  In  this 
optical  cable,  coatings  of  optical  fibers  must  be 
downsized.  However,  the  coating  structure  of 
optical  fibers  is  closely  related  to  the  lateral 
pressure  characteristics,  and  reduction  of 
coating  diameter  leads  to  deterioration  of  lateral 
pressure  characteristics.  In  order  to  downsize 
the  coating,  therefore,  it  is  necessary  to  clarify 
the  optimum  coating  structure  that  does  not 
induce  deterioration  of  the  lateral  pressure 
chareicteristics.  However  the  relationship  between 
microbending  loss  and  coating  structure  in  single 
mode  optical  fiber  has  not  been  clarified 
completely. 

Therefore,  we  have  made  examinations  to 
clarify  the  relationships  between  microbending 
loss  and  coating  structure  by  introducing  an 
experimental  formula  on  microbending  loss 
through  multi-regression  analysis  using 
parameters  related  to  coating  structure. 


11  Multi-regression  Analysis 

1.  Experiments 

We  prepared  two-layer  UV  curable  urethane 
acrylates  coated  single  mode  optical  fibers  with 
9.2  +  0.1  xz  m  of  MFD  and  1.25  +  0.01  u  m 

of  cutoff  wavelength.  And  the  diameters  of  the 
secondary  coating  and  the  primary  coating, 
Young’s  moduli  of  the  secondary  coating  and  the 
primary  coating  were  varied. 

The  microbending  losses  of  these  fibers  were 
measured  as  the  loss  increase  at  the  wavelength 
of  1.55  u  m  by  winding  a  length  of  1  km  into 
multi-layer  at  a  tension  of  10  gf/fib.  on  a  bobbin 
with  a  diameter  of  160  mm  (Multi-layer 
Drum-winding  Microbending  Testing). 

2.  Parameters 

As  the  parameters  for  expressing  the  coating 
structure,  we  used  D,  H  which  were  the 
parameters  employed  by  Gloge  in  a  paper 
determining  the  loss  increase  in  a  multi  mode 
optical  fiber.®’  The  pai’ameters  D  and  H  are  shown 
in  equations  (1)  and  (2),  respectively. 

D  =  Ep  +  Es- (b/Rsl^*  (1) 

H  =  Ef-If  +  Ep-Ip  +  Es-Is  (2) 

Where,  Ep,  Es,  and  Ef  represent  the  Young’s 
moduli  of  the  primary  coating,  secondary  coating, 
and  glass,  respectively  ;  b  and  Rs  are  the 
thickness  and  the  radius  of  the  secondary  coating 
;  and  Ip,  Is,  and  If  are  the  moments  of  inertia  of 
the  primary  coating,  secondary  coating,  and 
glass,  respectively. 

3.  Results 

Using  D,  H,  D®,  H®,  also  higher-order  terms  and 
logD  and  logH  as  parameters,  the  loss  increase  of 
Multi-layer  Drum-winding  Microbending  Testing 
was  analyzed  by  multi-regression  analysis.  As  a 
result,  the  optimum  formula  for  expressing  the 
loss  increase  was  found  to  be  expressed  in  up  to 
the  second-order  terms  of  D,  H.  The 
multi-regression  formula  is  shown  in  equation  (3). 

a  =  9.03  X  10-®D®  -  2.51  x  10®H® 

+4.42  X  ]0®H  -  19.4  (3) 
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Where  a  denotes  the  loss  increase  of 
Multi-layer  Drum-winding  Microbending  Testing 
(dB/km)  (expressed  in  the  loss  increase  after 
this).  The  relation  between  the  loss  increase 
calculated  by  using  equation  (3)  and  the  loss 
increase  obtained  in  experiment  is  shown  in 
Figure  1.  The  correlation  coefficient  of  the 
calculated  loss  increase  and  the  experimental  loss 
increases  is  0.63,  which  is  significant  at  the  level 
of  significance  of  5%.  This  result  shows  that 
equation  (3)  expresses  the  loss  increase  in  a 
considerably  high  accuracy. 


Fig.  1  Relation  between  experimental  loss 
increase  and  calculated  loss  increase 


111  Discussion 
1.  Parameters  D  and  H 

Using  equation  (3),  the  relation  between  the 
microbending  loss  and  coating  structure  was 
investigated.  Figure  2  shows  the  range  of  D  and  H 
that  are  required  to  suppress  loss  increase  to 
below  a  certain  level.  From  this  figure,  it  can  be 
found  that  a  smaller  value  of  D  and  a  larger  value 
of  H  are  advantageous  in  reducing  microbending 
loss.  Gloge  called  D  rigidity  and  H  stiffness,  and  D 
seems  to  represent  the  buffer  effect  of  coating, 
and  H  is  a  parameter  expressing  the  degree  of 
difficulty  in  bending  of  optical  fiber.  A  smaller  D 
means  a  greater  buffer  effect,  and  a  larger  H 
means  more  difficulty  in  bending. 

2.  The  Effect  of  Parameters 

Figure  3  shows  the  relationships  between  the 
diameter  of  the  secondary  coating  and  calculated 
loss  increase.  From  this  figure,  it  can  be  found 
that  a  smaller  diameter  of  the  secondary  coating 
results  in  a  larger  loss  increase  and  smaller 
Young’s  modulus  of  primar.v  coating  results  in  a 
smaller  loss  increase.  Also,  the  ratio  of  the 
thickness  of  the  secondary  coating  to  the  radius 
of  the  secondary  coating,  that  is,  b/Rs  gives 


influences  on  loss  increase  and  such  influences 
are  larger  than  those  of  the  Young’s  modulus  of 
the  primary  coating.  So,  it  can  be  understood  that 
b/Rs  is  a  considerably  important  parameter. 

When  looking  into  b/Rs,  a  smaller  b/Rs  results 
in  a  smaller  loss  increase  when  the  diameter  of  the 
secondary  coating  is  230  ii  m  or  less  and,  on  the 
contrary,  a  larger  b/Rs  results  in  a  smailer  loss 
increase  when  diameter  is  more  than  230  u  m.  It 
is  considered  that,  in  a  region  of  more  than  230 
U  m,  H  is  larger  and  the  stiffness  H  becomes  more 
effective  than  the  buffer  effect  D,  and  the  loss 
increase  seems  to  be  smaller  when  H  is  somewhat 
larger. 

From  the  above  result,  even  in  the  region  of 
small  outer  diameter,  the  loss  increase  is  expected 
to  be  smaller  by  further  increasing  H  by  raising 
the  secondary  Young’s  modulus. 
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Fig.  2  Ranges  of  D  and  H 


Fig.  3  Relation  between  secondary  diameter 
and  loss  increase 
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IV  Characteristics  of  Downsized  Coated  Optical 
Fibers  with  a  High  Young’s  Modulus  Secondary 
Coating 

1.  Laterai  Pressure  Characteristics 

Taking  the  above  discussions  into 
consideration,  we  have  made  trial  manufactui-e  of 
downsized  coated  fibers  and  evaluated  these 
fibers.  And  also  actual  loss  increases  of  the  fibers 
were  compared  with  calculated  loss  increases.  The 
coating  structures  of  the  fibers  are  shown  in 
Table  1. 

Table  1  Coating  structures  of  downsized 
coated  fibers 


outer 
diameter 
(  U  m) 

secondary 
Young’s  modulus 
(kgf/mm^) 

b/Rs  j 

! 

] 

200 

60,  140,  200 

1/6,  1/10 

180 

60,  140,  200 

1/6,  1/10 

160 

60,  140,  200 

1/10 

The  fiber  with  b/Rs=l/6  and  outer  diameter  of 
160  n  m  could  not  be  manufactured  because  the 
prima  y  coating  diameter  was  too  small. 

The  actual  loss  increase  of  the  fibers  and 
calculated  value  are  shown  in  Figure  4.  Although 
the  absolute  value  of  the  loss  increase  was 
somewhat  different  from  the  calculated  value,  the 
tendency  to  the  secondary  Young’s  modulus 
nearly  coincided.  The  figures  indicate  that  the 
tendency  of  loss  increase  varies  with  the  values 
of  outer  diameter  and  b/Rs.  At  the  outer  diameter 
of  200  u  m,  by  raising  the  Young’s  modulus,  the 
loss  increase  becomes  smaller,  but  at  the  outer 
diameter  of  160  u  m,  to  the  contrary,  the  loss 
increase  becomes  larger.  Also,  at  the  outer 
diameter  of  180  u  m,  when  b/Rs  is  1/10,  the  loss 
increase  becomes  smaller  by  raising  the  Young’s 
modulus,  but  when  b/Rs  is  1/6,  it  becomes  larger. 
It  is  considered  that,  in  fibers  with  small  outer 
diameter  and  large  b/Rs,  H  dose  not  become  larger 
compared  with  increase  of  D  when  the  secondary 
Young’s  modulus  is  reused,  therefore  the  loss 
increase  becomes  larger  . 

This  result  suggests  that  there  are  two  cases 
depending  on  the  outer  diameter  of  coating  and 
the  value  of  b/Rs  :  in  one  case,  a  larger  Young’s 
modulus  is  advantageous  in  reducing  loss 
increase  and  in  another  case,  a  smaller  Young’s 
modulus  is  advantageous.  Moreover,  in  order  to 
suppress  the  loss  increase  by  raising  the 
secondary  Young’s  modulus,  it  is  necessary  to 
reduce  b/Rs  as  the  outer  diameter  of  coating 
decreases. 
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Fig.  4  Relation  between  secondary  Young’s 
modulus  and  loss  increase 
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From  the  above  examinations,  it  is  considered 
that  the  application  of  a  large  diameter  for 
primary  coating  and  a  high  Young’s  modulus  for 
the  secondary  coating  is  effective  for  reducing 
microbending  loss  in  downsized  coated  optical 
fiber.  However,  there  is  a  problem  that  a  too  small 
thickness  of  the  secondary  coating  results  in  a 
reduced  strength,  so  the  dimensions  must  be 
designed  also  taking  this  aspect  in  consideration. 

2.  Other  Characteristics 

Then,  other  characteristics  of  fibers  with  a  high 
Young’s  modulus  secondary  coating  were 
investigated. 

The  losses  in  a  loose  coil  was  the  same  as  that 
of  conventional  fiber  with  a  diameter  of  250 
tz  m  in  all  fibers.  For  example,  the  spectral 
attenuation  of  the  fiber  with  outer  diameter  200 
U  m,  Es=200kgf/mm“,  and  b/Rs=l/6  is  shown  in 
Figure  5,  in  which  the  loss  increase  at  the  long 
wavelength  side  was  not  found,  in  spite  of 
applying  the  high  Young’s  modulus  in  secondary 
coating. 


Wavelength  (nm) 


Fig.  5  Spectral  attenuation 


Also,  no  problem  was  found  on  temperature 
characteristics  in  any  size  of  fiber.  For  example, 
figure  6  shows  the  temperature  characteristics  at 
a  wavelength  of  1.55  //  m  in  fiber  with  outer 

diameter  200  u  m,  Es=200kgf/mm^,  and 
b/Rs=l/6.  The  loss  changes  of  all  fibers  were  less 
than  0.01  dB/km  from  -60  "C  to  80  “IC.  When  a 
material  with  a  high  Young’s  modulus  is  used  in 
the  secondary  coating,  the  shrinking  force  at  low 
temperature  becomes  larger.  But,  since  the 
cross-section  of  coating  was  smaller  by  reduction 
of  coating  diameter,  good  temperature 
characteristics  seemed  to  be  obtained. 


Thus,  by  the  applying  of  a  large  diameter  for 
the  primary  coating  and  a  high  Young’s  modulus 
for  the  secondary  coating,  we  have  succeeded  in 
obtaining  downsized  coated  optical  fibers  that  are 
superior  in  lateral  pressure  and  temperature 
performance. 


h60  -40  -20  0  20  40  80  80 

Temperature  (  °C  ) 


Fig.  6  Temperature  characteristics 


V  Conclusions 

An  experimental  formula  of  microbending  loss 
was  deduced  by  multi-i-egression  analysis.  Using 
this  formula,  it  has  been  found  that  b/Rs  gives  a 
large  influence  on  microbending  loss.  Further,  it 
has  also  been  known  effective  to  raise  the 
secondary  Young’s  modulus  for  reducing 
microbending  loss  of  downsized  coated  optical 
fibers. 

On  the  basis  of  these  results,  downsized  coated 
optical  fibers  with  a  high  Young’s  modulus 
secondary  coating  were  fabricated,  and  the  fibers 
having  excellent  lateral  pressure  and  temperature 
characteristics  were  obtained. 

VI  Future  Plans 

Ribbons  and  cables  are  being  manufactured  by 
using  downsized  coated  optical  fibers  with  a  high 
Young’s  modulus  secondary  coating,  and  their 
characteristics  will  be  evaluated. 
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AND  EVALUATION  OF  APPLICABILITY  TO  NATIONAL  SPECIFICATIONS 
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ABSTRACT 


2.  MULTIFIBER  RIBBON  TECHNOLOGY 


This  paper  reports  the  development  of  optical  fiber  ribbon  technology 
on  an  international  basis  considering  the  specific  requirements  of  the 
different  countries  involved. 

The  basic  premise  has  been  to  define  a  common  technology  foundation 
for  optical  fiber  ribbons  which  can  be  used  by  the  different  international 
cable  manufacturing  units.  Work  on  detailed  development  specific  to 
individual  countries  or  specifications  will  be  the  responsability  of  the 
each  individual  manufacturing  unit. 


1.  INTRODUCTION 

Optical  fiber  ribbon  technology  is  already  widely  used  in  the  internatio¬ 
nal  market  due  to  advantages  in  small  cable  size  and  mass  splicing. 
Duo  to  differences  in  specifications  from  country  to  country,  there  are 
many  resulting  ribbon  and  cable  structures  which  have  a  common 
technical  foundation.  The  international  ribbon  development  program 
has  been  established  based  on  the  common  technical  foundation. 

The  parameters  which  have  been  analyzed  include  the  following  : 

-  ribbons :  fibers 

primary  coatings 
colouring 

ribbonning .  encapsulated 
edge  bonded 
4  to  12  fibers 

-  cables  .  cable  structure  :  unitube 

multitube 
slotted  core 
tight  structure. 

It  has  been  shown  that  it  was  possible  to  establish  a  common  techn  ical 
foundation  for  ribbons  because  fundamental  problems  concerning 
materials  and  processing  must  be  solved  in  order  to  achieve  good 
results. 

Development  of  different  families  of  ribbon  cables  have  resulted  from 
tne  common  technical  foundation,  and  some  of  those  cables  are  now 
in  standard  production  in  different  Alcatel  Cable  manufacturing  units. 
Ribbon  splicing,  particularly  using  mass  fusion  splicing  techniques 
has  been  thoroughly  analyzed  using  different  kinds  of  fibers. 

With  the  introduction  of  fiber  in  the  loop  (FITL)  looming  on  the  horizon, 
there  is  currently  a  great  deal  of  investigation  into  the  oest  technical/ 
economic  solution  for  next  generation  telecommunication  systems. 
The  use  of  ribbon  technology  has  been  analyzed  as  a  possible 
solution  for  these  evolving  systems. 


2.1.  Main  characteristics  on  multlflber  ribbons  :  National 
specifications 

Basically  we  can  consider  two  kinds  of  ribbons :  thin  and  encapsulated 
ribbon  as  presented  on  figure  1 . 


T^infMonwH^  I2fib«r» 


Figure  1  :  Thin  and  encapsulated  ribbons. 

The  figure  2  gives  the  typical  geometrical  characteristics  that  we  can 
meet. 


N’  of 
fibers 

Type  of 
ribbon 

Width 

(i*m) 

Height 

(urn) 

2 

Encapsulated 

610 

360 

Thin 

510 

300 

4 

Encapsulated 

1120 

380 

Thin 

1020 

300 

6 

Encapsulated 

1630 

360 

Thin 

1530 

300 

8 

Encapsulated 

2140 

380 

Thin 

2040 

300 

10 

Encapsulated 

2650 

380 

Thin 

2550 

300 

12 

Encapsulated 

3160 

380 

Thin 

3060 

300 

Figure  2  :  Main  geometrical  characteristics 

Some  of  these  ribbons  are  already  specified  or  used  in  some 
countries  by  telecommunication  operators  and  are  under 
considerations  in  other  countries  as  synthetized  in  figure  3. 
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COUNTRIES 

INTRODUCED 

UNDER  CONSIDERATION 

BELGIUM 

. 

4  -  6  fibers 

FRANCE 

. 

6  fibers,  encapsulated  f1|  12) 

GERMANY 

. 

10 -4  libers  (31  (4) 

ITALY 

4  fibers,  encapsulated 

-  (51 

JAPAN 

4  fibers,  encapsulated 

■(6) 

_ iffil 

NORWAY 

. 

4  fibers 

SPAIN 

. 

4  fibers 

SWEDEN 

4  fibers,  encapsuiated 

-(8) 

USA 

12  libers,  thin 

_ _ 

Figure  3  :  Use  of  ribbon  cables  in  the  world 
((1)  (2) ..  are  bibliography  references) 


From  the  different  specifications  or  specification  projects,  the  main 
characteristcs  that  we  have  to  consider  on  the  ribbons  or  on  the 
ribbon  cables  are  summarized  on  figures  4  and  5. 


CHARACTERISTICS 

REQUIREMENTS 

Geometry 

Width  and  height 

Flatness 

Distance  between  the  fibers 

According  to  particular 
specification 

Color  codina 

U.C 

Transmission 

Ao  ribbon/fibers 

SensrtMty  to  microbending 

SensitMtv  to  bendino 

Aa  s  0.01  dB/km 
at  1300  and  iSSOnm 
U.C. 

U.C. 

Temperature  cycling 

Aa  £  0.05  dB/km 
at  1300  and  1550  nm 
.  40*C  f  70*C 

MechanicaJ  characteristics 

Strippability 

Break  out 

Torsion 

Crush 

Tear  resistance 

U.C. 

^nvironrnanial  tests  '  ^ ' 

Compatibility  rIbbonAilling  compound 
Dry  air 

Humidity 

Water 

U.C. 

Figure  4  ;  Main  requirements  on  ribbons. 


This  figure  4  gives  only  an  overview  of  the  main  requirements  and  it 
should  be  too  difficult  to  present  in  a  such  simplified  figure  all  the 
particular  specifications  required  by  different  customers.  However,  in 
addition  to  these  requirements  there  are  some  specific  requirements 
that  have  a  strong  influence  on  ribbon  development,  such  as  «water 
sink  test*  from  SIP  (Italy). 


CHARACTERISTICS 

REQUIREMENTS 

Geometry 

Maximum  (ximpactness 

According  to  national 
specificabons 

Mechanical  tests 

Tensile 

Crush 

Impact 

Bsinding 

Torsion 

Kink 

Watertiahtness 

According  to  national 
specifications 

Temperature  cycling 

-  40*C  +  70’C 

No  Significant  increase  In 
attenuation  at  both  windows 

Raure  5  ;  Main  requirements  on  ribbon  cables 


2.2.  Multlflber  ribbon  developments 

Considering  the  different  characteristics  on  ribbon  and  ribbon  cables, 
different  Alcatel  units  have  been  involved  in  a  general  R  &  D  program 
for  the  development  of  ribbons  and  ribbon  cables.  To  make  a  precise 
presentation  of  all  these  R  &  D  activities  should  be  too  long.  So  we 
will  present  hereafter  only  some  aspects  of  these  works  and  final 
results  that  we  achieved  on  some  ribbon  cables. 

2.2.1 .  Ribbon  development 

R  and  D  activities  have  been  oriented  on  ribbons  with  4  to  1 2  fibers 
per  ribbon.The  main  activities  are  up  to  now  on  ribbons  with  4,  6,  8 
and  12  fibers. 

From  extensive  works  that  we  have  made  on  the  2  kinds  of  ribbons, 
the  encapsulated  ribbons  are  less  sensitive  to  microbending  and  the 
ribbon  layer  material  gives  a  better  mechanical  protection  of  the  fiber 
tftan  in  the  ceise  of  thin  ribbons.  This  point  must  be  carefully  analyzed 
for  applications  such  as  fiber  in  the  loop  (FITL).  However,  in  the 
example  of  a  4  fiber  ribbon,  an  encapsulated  ribbon  will  require  2  to 
3  times  more  U.V.  cur8U>le  material  than  the  same  thin  ribbon  and  it 
is  well  known  that  this  kind  of  material  is  expensive.  So,  a  cable  with 
thin  ribbon  will  be  more  cost  effective  for  two  reasons  : 

-  it  uses  less  expensive  material  in  the  ribbon 

-  because  the  ribbons  are  smaller  (-  25  %  on  the 
thickness)  it  is  possible  to  reduce  the  cable  size. 

We  have  shown  during  this  research  that  it  was  very  impxDrtant  to 
keep  the  ribbon  geometry  as  symmetrical  as  possible  to  avoid 
differential  strain  due  to  the  differencies  in  the  thermomechanical 
material  characteristics  (Young  modulus,  time/temperature 
behaviours....) 

For  the  ribbon  manufacturing  process  we  have  used  a  machine  as 
presented  on  figure  7  with  U.V.  curable  systems  and  the  possibility 
to  produce  ribbons  up  to  12  fibers. 


Roure  6  :  Ribbon  machine  system. 

In  standard  production  tandem  lines  with  coloring  systems  are  also 
used. 

A  large  part  of  this  research  has  been  focused  on  materials  to  know 
the  impact  of  each  parameter  on  the  ribbon  qufility .  The  figure  7  gives 
an  overview  of  the  ribbon  characteristics  as  a  function  of  materials 
characteristics. 
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HATEMAL 

MAIN  PARAMETER 

IMPACT  ON  RIBBON 
CHARACTERISTICS 

Fiber 

-mode  field  diamelar 

'  Index  oroHle 

micro  and  m^bending 

priiTBiy  coaling 

■  Young  modulis  =  1  (T) 

'  glass  transition  temperature 

■  liber  adhesion 

■senslbvrty  to  water  and  filling  compound 

■  drocessabillW 

•  microbending  sensdrvity 

•  thermal  staMrty 

•  ageing  stablrty 

•  spliceability  (strppaUlty) 

•  fiber  stress  corrosion  factor 

Secondary 

coating 

•Young  modulus  =  1(1) 

-  glass  transition  temperature 

■  compatibllty  with  primary  coabng 

■  com^lbllty  with  coloring  systems 

■  sensitivity  to  water  and  filling  mmpounds 
'Processability 

■  adhesion  to  secondary  coabno 

•  microbending  sensitivity 

•  thermal  stabiity 

•  ageing  stability 
•breakout 
•spliceability 

Coloring 

■  viscosity  =  l(T) 

•curing  speed 
•color  quality 

•  Young  modulus  =  1  (T) 

•  compatibllty  with  secondary  coating  and 
ribbon  matrix 

•  sensitivity  to  water  and  filling  compound 
•smooth  surface 

•processabilitv 

•  microbending  sensitivity 

•  thermal  stability 
•ageing  stability 
•breakout 

•  liber  identification 
'Spliceability 

Ribbon  matrix 

•  viscosity  =  Iff) 

•Young  modulus  =  I(T) 
•compatiblitywjthccldring 

•  sensrtrvtly  to  water  and  lllino  comoound 

•  ribbon  geometry 
•breakout 

•  sbippability 

•  aoeino  stability 

Finure  7  :  Overview  of  the  relations  ribbon  characteristics/material 
characteristics 


A  great  deal  of  analyses  has  been  made  on  these  different  parameters 
and  as  an  example  we  present  2  points  to  show  the  relation  material 
/  characteristics : 

-  Rreak  out :  to  have  a  good  break  out  the  colored  fibers  must  be 
•clean,  (without  ribbon  matrix  adhesion)  when  the  fibers  are 
separated.  To  meet  this  requirement  we  have  demonstrated  the 
strong  relation  between : 

-  the  secondary  coating 

-  the  coloring  layer 

-  the  ribbon  matrix 

The  coloring  layer  must  be  well  cured  and  bonded  to  the  secondary 
coating,  and  the  ribbon  matrix  must  have  a  low  adhesion  to  the 
coloring  layer.  So  it  is  important  to  carefully  control  the  ink  quality  and 
its  processability. 


All  the  photocurable  materials  (fiber  coatings,  UV  coloring,  ribbon 
matrix)  have  been  intensively  analyzed  by  infrared  absorption  and 
some  analyses  have  been  made  in  situ  by  microscopic  analysis 
associated  to  an  infrared  system. 

-  water  sink  test :  to  meet  the  water  sink  test  requirement  (Aa  ■)  550  s 
0.1  dB/km  during  22  days  in  water  at  20°C  and  60°C)  it  is  also 
necessary  to  develop  special  materials  for  fiber  coatings,  inks  and 
ribbon  matrix.  All  these  materials  and  their  processability  have  been 
intensively  analyzed.  The  figure  9  shows  two  results.  In  one  case 
(figure  9  - 1 )  the  result  is  very  bad  and  the  change  in  attenuation  can 
reach  more  than  1  dB/km  at  1550  nm.  In  the  other  case  the  result  is 
good  with  a  change  in  attenuation  lower  than  0,1  dB/km  at  1 550  nm 
(figure  9-2). 


Figure  9  ■  2  :  Good  ribbon  in  water  sink  test. 


The  ribbons  have  been  also  submitted  to  more  standard  tests  as  : 

■  pulling  test 

-  torsion  test 

-  twist  test 

-  ageing  test 

-  strippablllty 

-  spliceability. 


In  the  case  of  U.V.  curable  inks  it  is  fundamental  to  control  the 
evolution  of  double  carbon  links  (C  =  C)  but  we  must  note  that  the 
curing  rate  is  a  function  of  inks  (matrix,  opacity  of  pigments  to  the  UV 
rays,  use  of  Tj02  or  not,  photocuring  kinetics  and  inhibition  by  oxygen... .) 

The  mechanism  of  photocuring  inhibition  by  oxygen  is  shown  in  figure 


if  ko>kp  photocuring  is  Inhibited 

Symbols  have  the  following  meaning  : 

r|  :  formation  rate  of  free  radicals  R 
M ;  monomer 

kp  :  rate  constant  of  polymerization 
Kp  :  rate  conetant  of  peroxydation 

Figure  8  :  Mechanism  of  photocuring  inhibition  by  oxygen. 


As  art  example  we  give  hereafter  some  OTOR  results  that  we  have 
obtained  on  mass  fusion  splice  test  with  4  fiber  encapsulated  ribbons 
made  with  different  kinds  of  fibers  (matched  cladding  and  depressed 
cladding).  Figures  10  present  two  histograms  that  we  have  obtained 
in  ledxiratory  environment  using  an  automatic  ribbon  fusion  splicing 
machine. 


Figure  10-1  :  Mixed  ribbons  with  matched  cladding  fibers 
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Figure  1 5  ;  tight  ribbon  structure  (nominal  diameter  =  6  mm) 


Oitterent  ribbons  that  we  have  developed  have  been  tested  in  these 
different  structures.  The  figure  16  presents  results  that  we  have 
obtained  in  a  1 0Ofiber  ribbon  cable  as  presented  on  figure  14-1.  The 
parameters  tested  on  the  ribbon  in  this  experience  are  : 


-  glass  fiber  design, 

-  primary  coating, 

-  inks, 

-  ribbon  matrix. 


FIBERS 

RIBBON 

Aa  j  g5Q  in  cable 

10  cycles  -  40  70“C  dB/km 

Average 

Max 

A 

1  " 

0.70 

B 

2 

0.30 

0.76 

C 

3 

0.05 

0,07 

D 

4 

Sp 

0.05 

E 

5 

0.035 

0.06 

Figure  16  :  Thermal  test  on  ribbon  cables  using 
different  fibres  and  different  ribbons. 

Fibers  A  and  B  give  bad  results  because  their  primary  coatings  are 
not  suitable  for  ribbon  applications. 


We  can  see  that  one  of  the  good  results  has  been  got  with  fibers  E  and 
ribbon  5.  Our  fibers  have  been  used  to  produce  this  ribbon  n°  5  and 
their  main  characteristics  are  presented  in  figure  17. 


CHARACTERISTICS 

VALUE 

UNIT 

Geometrical  grooerties 

Core  non-circularity 

6  max. 

% 

Clad  diameter 

125x2 

nm 

Clad  ncxi-circularity 

2  max 

% 

Core/clad  concentricity  error 

1  max 

Coating  diameter 

245  X  to 

^m 

Coatin^dad  concentricity  error 

15  max 

Optical  properties 

Mode  field  diameter 

9.1  xO.5 

^rn 

Cut  off  wavelength 

1150-1280 

nm 

Zero  dispersion  wavelength 

1310x10 

nm 

Slope  at  zero  dispersion  wavelength 

0.093  max 

ps/nm  2.km 

Chromatic  dispersion  at  1285  •  1^0  nm 

3.  5  max 

pVnm.km 

Chromatic  dispersion  at  1550  nm 

19  max 

ps/nm.km 

Figure  17  :  Fibre  characteristics 
(Attenuation  is  within  CCITT  recommandation) 


These  fibers  use  a  special  «coating»  developedfor  ribbon  applications. 

With  fibers  C,  0,  and  E  and  ribbonsS,  4, 5  we  have  produced  1 00  fiber 
ribbon  cables  and  the  figure  18  presents  the  results  on  thermal  test 
with  a  maximum  change  in  attenuation  at  1550  nm  of  0.07  dB/km  In 
the  range  of  -  40  to  70°C. 


4  Aa  1 550  nm 
dB/km 


T  max. 


Figure  18  :  thermal  test  on  100  fiber  ribbon  cables. 


This  cable  has  been  submitted  to  a  pulling  test  with  a  pulled  length 
of  200  m.  Figure  1 9  presents  stress/strain  relation  on  the  caole,  the 
change  in  attenuation  on  fibers  at  1550  nm  and  the  stress/strain  on 
fibers  measured  by  the  phase  shift  method. 


Tile  change  in  attenuation  is  less  than  O.OS  dB/km  at  tSSO  nm 

Figure  1 9  :  Stress/strain  on  cable  and  fibers 
and  Act  at  1 550  nm 

As  it  is  well  known  the  stress./strain  on  the  cable  is  a  function  of 
strength  members  included  in  the  cable.  So  the  parameter  is  easily 
ajustable.  The  most  important  point  is  the  low  change  in  attenuation 
on  the  different  fibers  when  cable  strain  and  fiber  strain  increase. 

A  great  deal  of  mechanical  or  ageing  tests  have  been  performed  on 
different  ribbon  cables  and  are  not  presented  here  (mainly  according 
to  lEC  794  -  1  or  Bellcore  TR  TSY  000020  specification). 

T oday  some  of  these  cables  are  intensively  used  by  some  operators 
in  standard  networks  applications. 


3.  MULTIFIBER  TECHNOLOGY  AND  RBER  IN  THE  LOOP  APPU- 

SAT1QM 

For  Telecommunications  Operators  the  most  important  challenge  for 
the  end  of  the  20th  century  and  the  beginning  of  the  21  st  century  is 
the  FITL  for  narrowband  and  broadband  applications.  All  large 
telecommunication  equipment  suppliers  are  also  working  on  this 
challenge.  Many  field  trials  have  been  done  worldwide  and  in  France 
600,000  subscriber  lines  for  cable  TV  fiber  to  the  home  application 
have  been  already  installed  (10). 
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4.  CONCLUSION 


Today  the  main  targets  are  : 

-  to  increase  the  transmission  capacity  of  the  copper 
distribution  network, 

-  to  maintain  the  same  reliability  for  fiber  narrowband 
transmission  than  on  the  present  copper  network, 

-  to  try  not  to  have  specific  civil  works  for  the  FITL, 

-  to  have  a  competitive  cost  with  standard  copper 
system, 

-  to  have  a  «flexible»  FITL  system  where 't  is  easy  to 
connect  new  subscribers  during  the  system  life  time. 

The  analysis  of  these  different  targets  can  give  different  «cable 
plant-  solutions  based  on  : 

-  star  network  (point  to  point), 

-  star  network  with  splitters  (point  to  multipoint), 

-  ring  network. 

Depending  of  the  different  systems  the  number  of  fibers  per  cable 
may  be  radically  different.  Some  systems  require  cable  plant  with 
high  fiber  count  cables  (2CXJ  or  more);  for  some  other  with  high  share 
ratio  it  could  be  necessary  to  use  only  low  fiber  count  cable  (1 00  or 
less).  So  we  can  understand  that  the  FITL  system  will  influence  the 
cable  structures. 

With  ribbon  cables  it  is  possible  to  have  a  large  fiber  count  in  a  small 
size  cable.  For  example  it  is  possible  to  have  200  fibers  in  less  than 
1 7  mm  diameter  cable.  And  if  mass  splices  are  usable  ribbon  cables 
are  very  good  candidates,  particularly  for  point  to  point  transmissions. 
On  the  other  side  if  shared  fibers  are  used  with  different  splitting  ratio 
and  different  splitting  points  it  is  necessary  to  analyze  if  ribbon  cable 
is  the  best  choice. 

The  figure  20  summarizes  the  different  advantages  of  ribbon  cables. 

-  HIGH  FIBRE  COUNT  ) 

)  HIGH  DENSITY 
SMALL  DIAMETER  ) 

-  MASS  SPLICING  ) 

)  REDUCTION  ON  SPLICING 

-  POSSIBILITY  OF  ) 

AT  LEAST  ONE  )  COSTS 

FACTORY  ) 

PRETERMINATED  END  ) 

-  EASY  AND  CORRECT  IDENTIFICATION 
(EVEN  FOR  LOW  FIBRECOUNTS) 

-  HANDLABILITY  OF  RIBBON  BETTER  THAN  THAT  OF 
INDIVIDUAL  FIBRES  (EXCEPT  TORSION) 

Figure  20  :  Advantages  of  ribbon  cables 

The  best  cases  for  the  applicability  of  ribbon  structure  are : 

-  very  high  fiber  count  cables 

-  fixed  structure  cable  plant 

In  these  cases  mass  splicing  and/or  preconnectorization  are 
convenient  and  it  is  a  way  to  reduce  the  connexion  cost  on  the  field. 
However  the  different  experiences  on  preconnectorized  copper 
cable  and  preconnectorized  optical  cable  have  shown  that  a  lot  of 
problems  must  be  solved  to  prove  the  efficiency  of  the 
preconnectorization  (cable  length,  cable  plant  planning....).  So  the 
optical  cable  preconnectorization  for  FITL  application  must  be  carefully 
analyzed. 


We  have  presented  the  development  of  an  international  basis  of  an 
optical  ribbon  technolcny  considering  the  specific  requirements  of 
the  different  countries  involved.  Wo  have  developed  a  family  of 
ribbons  and  a  family  of  cables  and  the  main  parameters  that  influence 
the  product  quality  have  been  presented. 

The  ribbon  technology  is  now  an  integral  part  of  fibre  optics  world  It 
is  used  on  several  countries  and  seems  to  be  especially  convenient 
for  high  fibre  count  cables.  Whether  it  is  fitted  or  not  to  FTTH 
applications  is  still  under  consideration  but  this  is  a  very  important 
point  for  the  future  development  of  optical  fibre  networks.  For  that 
purpose,  future  new  developments  can  be  anticipated  such  as  nobon 
improvements  or  new  possible  candidates  as  presented  in  figure  1 5 
(tight  ribbon  structure). 
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HIGH  COUNT  TRUNK  OPTICAL  FIBER  CABLE 
AND  RELATED  TECHNOLOGY  DEVELOPMENT 


Kenji  Yoshioka.  Naohito  Ohno,  Kiminori  Sato,  and  Osamu  Yamauchi 


NTT  Network  Systems  Development  Center 
Uchisaiwaicho.  Chiyoda,  Tokyo.  100  JAPAN 


1,  Al?$trayt 

We  have  developed  a  300-Fiber  Single  Slotted  Rod 
Cable.  In  order  to  deploy  this  new  cable  for  trunk 
networks,  a  new  trunk  optical  fiber  cable  closure  has  been 
developed,  and  a  cable  transfer  and  supervisory  system 
called  the  Fiber  Transfer  and  Test  System  (FITAS)  has 
extended  the  number  of  measurable  fibers.  This  cable  and 
equipment  have  been  in  commercial  service  since  August 
1991.  This  paper  describes  the  new  cable  and  related 
technologies. 

3.  IntEoduytion 

In  order  to  construct  a  digital  network,  NTT  has 
been  deploying  trunk  optical  fiber  cable  networks.  The 
maximum  number  of  fibers  in  one  mmk  optical  fiber  cable 
has  been  100,  but  a  higher-count  trunk  optical  fiber  cable 
is  needed  to  minimize  the  financial  outlay  for 
construction.  Especially,  to  reduce  new  installation  of 
underground  facilities.  However,  existing  cables  with 
more  than  1(K)  fibers  have  been  designed  for  use  in 
subscriber  loops,  and  they  have  a  multi-slotted  rod 
structure.  Such  a  multi-slotted  rod  cable  can  not  be  applied 
to  trunk  networks  because  the  length  which  can  be  wound 
in  one  .uaim  is  too  short.  Consequently,  the  cable  diameter 
had  to  be  reduced  to  extend  the  cable  length  in  one  drum, 
and  this  led  to  the  development  of  a  high  count  single- 
slotted  rod  optical  fiber  cable  with  water  blocking  (WB) 
technology  (1). 

In  particular,  the  new  trunk  optical  fiber  closure 
had  to  accomodate  300-fiber  WB  cables.  While  the 
number  of  fibers  here  is  three  times  that  of  previous 
optical  fiber  cable  closures,  the  volume  of  the  new  closure 


had  to  be  as  small  as  possible,  in  addition,  bending  loss, 
which  anses  from  maintenance  of  the  closure,  had  to  be 
low  so  as  not  to  cause  short  breaks  in  signals.*-^ 

NTT  has  deployed  the  Fiber  Transfer  and  Test 
System  1  (FITAS  1)  since  1990.  It  was  developed  for  the 
operation,  administration  and  maintenance  of  trunk  optical 
fiber  cable.  FITAS  1  however,  could  only  maintain  up  to 
100-fiber  trunk  optical  fiber  cables,  and  as  the  maximum 
number  of  fibers  in  one  trunk  optical  fiber  cable  became 
three  times  larger,  the  cable  transfer  and  supervisory 
system  had  to  be  mtxlified  accordingly.  The  new  system  is 
named  FITAS  II.<3) 

3.  High  Count  Trunk  Optical  Fiber  Cable 

Since  1989,  NTT  has  been  deploying  water 
blocking  optical  fiber  cable  for  trunk  and  subscriber 
networks.  Water  blocking  optical  fiber  cable  is  constructed 
with  polyethylene  sheath,  water  blocking  tape  and  slotted 
rod  in  which  4  or  8-fiber  ribbons  are  inserted. 

There  are  three  types  of  water  blocking  cable.  The 
first  one  has  the  structure  of  a  single-slotted  rod  and  can 
hold  25  4-fiber  ribbons  at  maximum.  The  second  is  the 
multi-slotted  rod  cable  with  six  slotted  rods,  and  each 
slotted  rod  can  contain  25  4-fiber  ribbons.  The  third  one  is 
also  a  multi-slotted  rod  cable,  but  it  is  constructed  with 
only  five  slotted  rods,  where  each  slotted  rod  contains  25 
8-fiber  ribbons.  For  the  trunk  optical  network,  single- 
slotted  rod  cable  has  been  used  as  mentioned  above,  and 
the  maximum  number  of  fibers  in  one  trunk  optical  fiber 
cable  here  is  100.  All  three  types  of  cables  have  been 
installed  for  the  subscriber  optical  network.  The  new  cable 
was  developed  based  on  the  technologies  of  these  water 
blocking  cables. 
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3.1  Cable  Structure 

Based  on  the  demand  forecasted  for  the  trunk 
optical  network,  we  determined  that  the  new  trunk  optical 
fiber  cable  should  contain  300  fibers.  To  satisfy  this 
requirment,  we  initially  proposed  both  single-slotted  rod 
and  multi-slotted  rod  cables. 

The  multi-slotted  rod  cable's  diameter  is  30  mm, 
and  that  of  the  single-slotted  rod  is  23  mm.  As  shown  in 
Fig.  1,  the  length  of  the  single-slotted  rod  cable  which 
canl  be  wound  in  one  drum  is  133%  that  of  the  multi- 
slotted  rod  cable,  and  we  chose  the  single-slotted  rod 
structure  that  allows  a  longer  span  length  during 
installation.  We  designed  the  new  single-slotted  rod  cable 
as  two  types:  one  is  a  water  blocking  cable  with  a  metallic 
strength  member,  and  the  other  is  a  non-metallic  cable  (see 
Fig.  2). 

3.2  Cable  Flexibility 

The  slotted  rod  diameter  of  the  new  cable  becomes 
120%  that  of  the  conventional  slotted  rod.  This  may  cause 
an  increase  in  cable  rigidity  which  can  create  problems 
during  installation  or  housing  accomodation  work.  To 
evaluate  and  compare  the  new  cable  rigidity  with  that  of 
the  previous  cable,  we  measured  the  side  force  that 
produces  the  same  cable  bending.  Fig.  3  shows  the  set-up 
for  measuring  cable  rigidity,  and  Table  1  the  results  of 
measurements.  The  new  cable  rigidity  is  lower  than  the 
multi-slotted  rod  subscriber  cable,  and  we  therefore  regard 
the  new  cable  as  having  enough  flexibility  for  commercial 
use. 


3.3  Characteristics  of  The  New  Trunk  Cable 

Optical  losses  at  each  stage  of  the  manufacturing 
process  were  measured.  The  losses  did  not  change  during 
the  cabling  process  at  both  1.3-pm  and  1.55-tim 
wavelengths  for  both  cable  types  (sec  Fig.  4  and  5). 

Table  2  shows  the  characteristics  of  the  new  trunk 
cable  in  comparison  with  the  conventional  KKl-fiber  water 
blocking  cable.  Each  item  indicates  that  the  new  3(X)-riber 
water  blocking  cable  has  almost  the  same  properties  of  the 
l(X)-nber  water  blocking  cable,  which  again  indicates  that 
we  can  deploy  this  new  cable  in  trunk  optical  network. 

Table  3  compares  the  previous  3()0-fiber  water 
blocking  subscriber  cable  with  the  new  3()0-fiber  water 
blocking  trunk  cables.  The  new  cable  has  67%  the 
diameter,  47%  the  weight  and  250%  the  maximum  cable 


(ULO) 


20  25  30  35 

Cable  Diameter  (mm) 

Fig.  1  Relation  Between  Cable  Diameter  and  Cable  Length 
(LO  :  Length  of  Multi-Slotted  Rod  300-Fiber  Cable) 


300-Fiber  300-Fiber 

Water  Blocking  Cable  Non-Metallic  Cable 


Conventional 
300-Fiber  Cable 


Fig.2  Cross  Sectional  Structures  of 
Single-Slotted  Rod  Cable 
and  Multi-Slotted  Rod  Cable 


Static  Load 


Cable  Bending 


Fig.  3  Cable  Rigidity  Measurement 


Table  1  Cable  Rigidity 


Cables 

Cable  Sturucture 

Ratio  of  Load 

100-Fiber 
WB  Cable 

Single 

Slotted- Rod 

1 

600-Fiber 
WB  Cable 

Multi 

Slotted- Rod 

20 

1000-Fiber 
WB  Cable 

Multi 

Slotted- Rod 

20 

300-Fiber 
WB  Cable 

Single 

Slotted-Rod 

6 
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length  of  the  300-fiber  multi-slotted  rod  cable.  This  new 
3(X)-fiber  single-slotted  rod  cable  can  be  applied  not  only 
for  trunk  networks  but  for  subscriber  loops  as  well;  due  to 
its  superior  flexibility  and  light  weight. 


1 :  Optical  Fiber 
2:  Fiber  Ribbon 
3:  Cable  Core 
4:  Cable 


12  3-1 

Fig.  4  Optical  Loss  in  Cabling  Process 
(300-Fiber  Water  Blocking  Cable) 


Table  3  Main  Features  of  Single-Slotterd  Rod  Cable 
and  Multi-Slotted  Rod  Cable 


Item 

300-Fiber  Single 
Slotted-Rod  Cable 

Conventional 

300-Fiber 

Multi-Slotted 

Rod  Cable 

Water 

Blocking 

Non- 

Metaliic 

Outer 

Diameter 

(mm) 

24 

23 

36 

Weight 

(km/kg) 

0.52 

0.39 

1.1 

Length  in 
One  Drum 

(km) 

4.0 

4.0 

1.6 

1 :  Optical  Fiber 
2:  Fiber  Ribbon 
3;  Cable  Core 
4;  Cable 


Fig.  5  Optical  Loss  in  Cabling  Process 
(300-Fiber  Non  Metallic  Cable) 


4.  Trunk  Optical  Fiber  Cable  Closure 

Along  with  the  3(X)-fiber  single-slotted  rod  cable, 
the  trunk  optical  fiber  cable  closure  has  also  been  altered. 
The  main  functions  of  an  optical  fiber  cable  closure  are  to 
store  and  protect  reinforced  fiber  splicing  points  and  spare 
optical  fibers.  Moreover,  a  trunk  optical  fiber  closure  is 
required  to  enable  access  to  individual  fiber  ribbons  with 
no  increase  in  loss  to  other  fibers,  an  in-service  trunk 
optical  fiber  closure  must  be  maintainable  without 
stopping  service. 


Table  2  Test  Results  of  Manufactured  Cable 


Items 

Results  of 

300-Fiber  Cable 

Results  of 

100-Fiber  Cable 

Optical  Loss 

<0.36  dB/km 

<0.36  dB/km 

Change 

In  Loss 

Heal  Cycle:-30'C  -  ♦60'C 

<0.1  dB/km 

<0.1  dB/km 

Repeated  Bend  ;  lEC  794-1 

<0.1  dB/km 

<0.1  dB/km 

Crush  :  (EC  794-1 

<0.1  dB/km 

<0.1  dB/km 

Torsion  ;IEC  794-1 

<0.1  dB/km 

<0.1  dB/km 

Impact :  lEC  794-1 

<0.1  dB/km 

<0.1  dB/km 

4.1  Closure  Structure 

Fig.  6  shows  the  structure  of  the  new  trunk  optical 
fiber  closure,  which  consists  of  three  main  parts.  The  first 
part  is  a  cylinder-shaped  waterproof  case  that  also  has  the 
function  of  cable  clamping.  The  second  part  is  the  frame 
in  the  waterproof  case,  and  the  last  is  protective  trays  and 
other  fiber  protection  materials. 

4.2  Frame 

The  frame  holds  the  protective  trays  and  other 
materials  for  fiber  protection.  It  also  clamps  the  strength 
member  of  cables  to  protect  the  fibers  from  pistoning  of 
the  cable  core.  It  can  hold  a  maximum  of  44  protective 
trays.  Tray  holder  have  a  drawer  structure,  which  makes 
for  easy  access  to  each  protective  tray. 
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4.3  Protective  Tray 

This  new  protective  tray  accomodates  two  4-fiber 
ribbons.  Excess  ribbon  and  its  joint  are  inserted  in  two 
oval  spaces  provided  for  each  ribbon. 

4.4  Fiber  Distribution 

The  unit  of  fiber  distribution  is  five  4-fiber  ribbons 
inserted  in  one  slot  of  the  cable.  Individual  fibers  branch  at 
the  bottom  of  tray  holder.  Each  fiber  is  covered  with  a 
protective  tube  or  a  fiber  branch  case  throughout 
distribution. 

4.5  Characteristics  of  New  Closure 

Table  4  compares  the  old  100-fiber  closure  and  the 
new  300-fiber  closure.  The  new  closure  can  accomodate 
over  300  fibers  in  almost  the  same  space  as  the  old 
closure.  The  increase  in  loss  during  closure  maintenance 
and  cable  transfer  work  was  measured;  the  results  are 
shown  in  table  5.  Maximum  increase  in  loss  is  small 
enough  to  maintain  a  new  closure  while  in  service.  Under 
PITAS,  we  can  transfer  a  cable  at  this  closure  without 
stopping  service. 

5.  Cable  Transfer  And  Supervisory  System 

As  mentioned  above,  NTT  introduced  PITAS  I  into 
trunk  networks  in  1990.  Due  to  the  multiplication  of  trunk 
optical  fiber  cables,  we  developed  a  new  system  named 
PITAS  II  which  can  accomodate  the  new  300-fiber  cable. 


Table  4  Comparison  Between  Old  and  New  Closure 


Items 

Old  Closure 

New  Closure 

Height 

90  mm 

100  mm 

Length 

150  mm 

290  mm 

Tray 

Width 

1 1  mm 

5  mm 

Max.  Number  of 
4-Fiber  Ribbons 

1  (4  Fibers) 

2  (8  Fibers) 

Height 

140  mm 

140  mm 

Length 

550  mm 

550  mm 

Closure 

Frame 

Width 

160  mm 

220  mm 

Max.  Number  of 
Protective  Trays 

25 

44 

Max.  Number  of 
Fibers 

100 

352 

Table  5  Increase  in  Loss  Due  To  Maintenance  Work 


Maintenance  Work 

Max.  Increase  in  Loss(dB) 

Closure  Assembly 

0.2 

Assembly  and  Removal 
of  Protective  Tray 

0.1 

Assembly  and  Removal 
of  Fiber  Branch  Case 

0.2 
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To  FMC 


FITAS  •  Fiber  Transfer  and  Test  System 
FMC  •  Fiber  Monitor  and  Control  Equipment 
FTTE  •  Fiber  Transfer  and  Test  Equipment 
FTTM  i  Fiber  Transfer  and  Test  Module 


Fig.7  System  Configuration  of  FITAS 


Fig. 8  New  FTTM 


j.l  System  Configuration 

The  system  configuration  of  FITAS  is  shown  in 
Fig.  7.  It  consists  of  three  main  elements;  a  Fiber  Transfer 
and  Test  Module  (FTTM),  Fiber  Transfer  and  Test 
Equipment  (FTTE),  and  Fiber  Monitor  and  Control 
Equipment  (FMC).  Table  6  compares  FITAS  I  and  FITAS 
II.  FTTE  has  become  10  FTTM  controllable  by  changing 
operating  software.  We  have  newly  developed  FTTM, 
which  can  now  accomodate  a  maximum  of  320  fibers. 

5.2  New  FTTM 

A  FTTM  consists  of  fiber  selectors  and  optical 
device  units.  A  fiber  selector  connects  the  test  equipment 
in  the  FTTE  with  the  optical  device  unit.  The  optical  fiber 
unit  accomodates  WDM  couplers,  filters,  and  multifiber 
mechanical  switches.  It  enables  the  tests  and  operations 
with  no  interruption  in  services. 

To  splice  fibers  in  a  conventional  FTTM,  we 
applied  fusion  splicing  and  connectors:  in  the  new  FTTM, 
single  and  multi-fiber  push-on  connectors(^)  replaces 
previous  splicing  equipment.  These  connectors  do-'f  need 
spare  fibers  and  protective  trays  for  storage;  thi.-  :'-ks  to 
teminate  fibers  with  higher  density.  Fig.  8  shows  a 
photograph  of  the  new  FTTM. 


Table  6  Main  system  specifications  of  FITAS 


Items 

FITAS  II 

FITAS  1 

Optical 

Device  Unit 

8  Fibers/Unit 
Maximum 

4  Fibers/Unit 
Maximum 

FTTM 

320  Fibers 

1 00  Fibers 

FTTE 

Maximum  10 

FTTM  Contorollable 

Maximum  5 

FTTM  Contorollable 

FMC 

Maximum  20 

FTTE  Contorollable 

Maximum  20 

FTTE  Contorollable 

6.  Conclusions 

(1)  A  300-fiber  single-slotted  rod  optical  fiber  cable  has 
been  developed.  In  comparison  with  conventional  multi- 
slotted  rod  cables,  the  new  cable  is  67%  the  diameter,  47% 
the  weight,  allowing  2.5  times  as  much  cable  length  to  be 
wound  in  one  drum. 

(2)  A  trunk  optical  fiber  cable  closure  which  can 
accommodate  more  than  300  fibers  has  developed. 

(3)  A  new  version  of  FITAS  (Fiber  Transfer  and  Test 
System)  has  been  developed.  The  total  amount  of  fiber  in 
one  system  is  now  six  times  that  of  conventional  systems. 
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ABSTRACT 

Most  of  cables  from  optical  fiber  to  composite  cable  consist  of 
several  longitudinal  elements  linking  each  other  with  friction. 
The  element  on  which  external  tension  act  directly  transfers 
some  part  of  the  tension  to  the  neighbor  element  through  the 
medium  of  the  friction.  In  this  scheme,  if  the  elongation  rates 
are  different  for  two  elements,  mutual  longitudinal  shift  must 
be  produced.  This  paper  shows  the  analysis  on  this  shift 
phenomena  with  some  actual  applications  and  the  experimental 
result  which  shows  good  correspondence  with  this  theory. 
The  general  design  concept  useful  to  control  shift  phenomena 
in  a  cable  is  also  obtained. 


1.  INTRODUCTION 

The  theory  describing  relation  between  elongation  and  tension 
for  a  solid  material  had  been  already  established  perfectiy,  and 
thrcr  is  no  experimental  exception  which  does  not  obey  the 
theory.  On  the  other  hand,  the  shift  phenomena  induct  by 
external  tension  between  two  longitudinal  elements  combining 
together  by  friction  have  not  been  sufficiently  investigated 
theoretically  nor  experimentally. 

This  paper  describes  trial  analysis  on  this  subject.  Generally, 
a  cable  from  optical  fiber  cable  to  power  cable  contains  plural 
longitudinal  elements  which  are  supposed  to  suffer  tension. 
Hence,  all  cables  have  a  potnetial  to  generate  shift  phenomena. 
Since  some  cable  accidents  which  seem  to  be  caused  by  shift 
between  cable  elements  are  actually  reported,  this  theory  will 
be  widely  applied  including  the  cases  of  those  accidents. 

2.  BASIC  THEORY 

In  the  simple  case  shown  in  Fig.l,  two  elements  are  linked 
together  by  friction.  External  tension  F  is  acting  on  the 
elements  "A"  at  the  two  points  separating  with  intervd  of  2Lo. 
All  values  for  elemtns  "A"  are  denoted  with  capital  letters  and 
for  elements  "B"  with  small  letters.  Longitudinal  tension 
distrbution  T(x)  and  t(x)  may  take  a  form  shown  as  Fig.2, 
where  x  denotes  longitudinal  co-ordinate.  In  the  section 
[/i,f2],  tension  varies  in  accordance  with  the  equations 

where  a  denotes  frictional  force  per  unit  length  (kg/m).  These 
relations  and  the  boundary  conditions  provide  concrete 
expression  fcff  T(x)  and  t(x). 

Since  the  tension  is  symmetry  around  the  origin,  it  is  sufficient 
to  consider  only  the  portion  of  x>o.  Elongation  of  "A"  and 
"B"  are  determined  by  E(x)=T(x)/K,  c(x)=t(x)/k  respectively 
where  K  or  k  is  tensile  elasticity  defined  by  the  product  of 
Young's  modulus  and  cross  section  of  the  element. 


dx 


The  shift  amount  between  "A"  and  "B"  at  point  x  is  given  by 
the  following  equation. 

S(x)=f  {E(x)-e(x))dx 

Jo 

This  is  the  basic  theory  in  this  paper.  If  S>0,  "A"  shifts  to  the 
direction  of  x>0  from  "B".  The  beginning  point  of  shift:  li 
and  the  ending  points  of  shift:  l2  are  also  determined  from 
T(x),  t(x)  and  the  boundary  conditions.  If  "A"  and  "B"  are 

cylindrical,  a  is  the  force  per  unit  length  needed  to  pull  out 
each  other. 


-Lo  |0  Lo 

Fig.l  Simplified  model 


Tension 


3.  DERIVATION  OF  FORM!  n  A 

Table  1  shows  the  concrete  expressions  concerning  the  model 
shown  in  Fig.  1. 


Table  1  Concrete  expression 


0Sx</i 

/I  <xSLo 

Lo  <  X  <  /2 

T(x) 

F-o(/2-/i) 

F  -  o(/2-x) 

-0(/2-x) 

t(x) 

0(/2-/l) 

a(/2-x) 

0(/2-x) 

E(x)  -  e(x) 

(F/K)  -  G(/2-/i) 

G(x-/i) 

G(X-/2) 

S(x) 

0 

G(x-lifa 

G02-xj/2 
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In  this  table,  G=o  (K+k)/Kk. 

The  conditons:  E=e(0^:£/i)  and  S(/2)=0  determine  /i  and  h  as 
follows 

Lo-/i=/2-Lo=2^^^^ 

Total  elongation  in  the  section  [-/2,/2]  is  then. 


Table  2  shows  the  formulas  derived  by  the  similar  method  for 
various  cases  including  the  case  of  Fig.  1.  Besides  of 

/i,/2,S(Lo)  and  e  shown  in  Table  2,  concrete  expression  of 
S(x)  is  also  derived  for  every  cases. 


In. CK ln+ CK , 

^  2o(K+k)  ^  2o(K+k)  8K(K+k)o 


^  ’  o(K+k)  Nonexistent 


(a-w)Lo  I  {.Nonexistent 


2K(K+k)a 


(K+k)  (w-v)2Lo^ 


o  +  Vo(o-v) 


2K(K+k)  (o-v) 


(K+k)  (w-v)2Lo2 


2K(K+k)(Va+Vcrv)2 


b  Lo 

(q-ItM)Lo 
B  o-v 


Friction  pM  (M=V 


(K+k)  (pM-v)2Lo2 
2Kk  (o-v) 

Nonexistent _ i^p2 

"  2K(K+k)(o-v) 

F  =  {iMLo 


Elongation 


Comment 


In[  -/2,/2] 


Edx  =  edx 


In[  -/2,/2] 


E(lx  =  l  edx 


This  case  appears 
when 

2Lo<— 

o(K+k) 

then  l2  >  Lo 


•Lo 

(E+l^)dx 

J-Ut 


Edx  (W4«) 
2K 


f  edx=^^(w-8) 
where  5  =  v  + 


^Edx^OVw^ 
0  2K 

0  2k 


edx==!-(^.S) 

Jo  2k 


where  8  =  v  + 

a-  V 


W:  weight  per  unit 
length  for  A  (kg/m)  | 
w:  weight  per  unit  i 
length  for  B(kg/m)  \ 


The  left  approximation  | 
can  be  used  when  j 

2Lo=/i+/2 

Lo2  =  /,  h 


The  substitution  I 

W-»0,  w-»)iM  ; 

in  the  case  4  yield  these  i 
formulas 

Hence,  ^  _  KtiM 
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4.  APPLICATIONS 

Several  applications  of  the  formulas  in  Table  2  were  examined. 
4-1  Cramping  of  Aerial  Cable 

Aerial  cable  are  often  cramped  between  2  poles  as  shown  in 
Fig.  3.  If  the  curvature  in  the  slack  portion  is  ignored,  the 
case  1  will  be  applicable.  The  calculated  results  for  four 
examples  are  listed  in  Table  3. 


0.5m  Lo=19.5m  i  l.<i=19.5m  0.5m 


Fig.3  Cramping  of  aerial  cable 


(2)  If  the  external  messenger  wire  is  cramped,  the  smaller  k  of 
the  core  the  better. 

(3)  If  large  k  of  the  core  is  required  for  another  reason,  o 
should  be  large  enough  correspondingly. 

As  the  pulling  end  also  has  possibility  of  generating  shift,  it  is 
desirable  to  connect  both  core  and  sheath  firmly  at  the  pulling 
end. 

4-2  Optical  Fiber 

When  the  coating  of  optical  fiber  shown  in  Fig.  4  is  tentioned, 
shift  between  silica  glass  and  coating  may  be  induced. 
Employing  formulas  of  case  1  in  Table  2,  shift  amount  is 
calculated  as  shown  in  Table  4. 

/ - 

I  I 

\  ^/^Coating 


Fig.4  Optial  fiber 


Cable 

(I) 

strength 

member  7/1.0  ^ 

Cfetical  fiber 
/ ^Xj^ted  corr 

- '■^sheath 

Cramping 

Portion 

Sheath 

K(kg) 

5x  10“* 

k(kg) 

lOx  (O'* 

Span  (m) 

40 

d  (m) 

0.5 

Cable 

Weight  (kg/m) 

0.15 

F(kg) 

60 

o  (kg/m) 

5 

(Similer  to(lI) 
except  lacking 
strength  member 


The  same  as  (II) 
o  is  increased 


li  (m) 

15.5 

17 

19.45 

19.25 

/2(m) 

23.5 

22 

19.55 

19.75 

S  (Lo)  (mm) 

1.2 

2.0 

0.04 

0.2 

Followings  are  remarkable  points  come  from  the  results. 

(1)  If  k  of  the  cable  core  is  large,  cramping  only  the  sheath  is 
not  preferable. 


Those  results  show  that  the  maximum  shift  of  several 
hundread  (xm  might  occur  in  the  section  of  several  mm  around 
the  tensioned  point.  In  the  case  of  optical  fiber,  k  of  the  silica 

glass  is  inherently  large,  so  the  a  should  have  large  value. 
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Table  4  Shift  in  optical  fiber 


' - ^_E>^le 

Coating 

I 

Nylon 

II 

UV  resin 

Coating  dia. 

600  pm(|) 

400  p.m<t) 

K(kg) 

14.9 

3.52 

k(kg) 

89.8 

89.8 

0  (kg/m) 

60.0 

40.0 

F  (0.5%  elongation) 

0.52  kg 

0.47  kg 

I2-  h  (mm) 

3.7 

5.7 

S  (Lo)  (mm) 

0.03 

0.19 

4-^  General  Concent  for  Cable  Design 
A  cable  generally  have  plural  slidable  interfaces  between 
elements.  In  the  case  1  of  Table  2,  length  of  shifting  section 
and  shift  amount  areX;=  e/G,  S(Lo)=e2  /8G  respectively  where 
G=a(K+k)/Kk  and  e=F/K. 

Since  F,  K  and  k  are  given,  X  and  S(Lo)  are  determined  by  G 
which  depends  only  on  o.  On  the  base  of  this  consideration, 
generalized  design  method  for  Fig.  5  can  be  discussed.  When 
Gij  and  aij  denote  the  G  and  o  between  elements  i  and  j, 
condition  Goi=Go2  which  will  be  the  consistent  design  yields 


All  results  for  those  consideration  commonly  guide  to  the 
fundamental  concept  that  the  element  with  larger  tensile 
elasticity  should  be  connected  more  tightly  with  neighbour 
element.  This  concept  can  be  extended  to  more  complicated 
constructions. 


4-4  Vertical  Installation 

Installing  a  submarine  cable  before  reaching  sea  bed  is  a 
typical  example  of  vertical  installation.  An  example  of 
submarine  cable  is  shown  in  Fig.  7  and  Table  5.  Four  states 
corresponding  to  case  4  and  case  5  in  Table  2  are  assumed  for 
the  calculation  of  shift  in  this  cable.  The  calculated  results  are 
summerized  in  Table  6. 


Ooi  _  JiL ,  lio±k2 

Oo2  ka  Ko+ki 

if  Ko»ki ,  Ko»k2 

Pqi  -k] 
ao2  k2 

This  implies  that  the  element  with  larger  k  should  combine 
tighter  with  common  neighbour  element. 

In  the  case  of  Fig.  6,  assuming  Gi2=G23  yields 

Oi2  -  ki  .  k2+k3 
023  k3  k2+ki 

which  dictates  to  followings: 

i)  if  ki  is  extra  large.  On  should  be  large 

ii)  if  k2  is  extra  large,  012/023  =  ki/k3 

iii)  if  k3  is  extra  large,  O23  should  be  large 

Taking  optical  fiber  cord  as  a  actural  example  of  Fig.  6,  the 
round  values  ki=200kg,  k2=5000kg,k3= 150kg  correspond  to 

ii),  and  result  in  0,2  =  1 .3023  ■  If  we  use  larger  k2,  we  should 
increase  0,2  correspondingly. 


Polyethylene  (20mm(» 
Metal  (lOmm^) 

Optical  fiber  unit  (3mm  ()>) 

Fig.7  Submarine  cable  model 


Table  5  Characteristic  values 


Portion 

Weight  in  water 

Kork 

Polyethylene 

-  0.012  kg/m 

18900  kg 

Metal 

0.426  kg/m 

994000  kg 

Fiber  unit 

0.0035  kg/m 

6500  kg 

If  v«0,  formulas  for  S(Lo),  /i,  I2  is  expressed  by  very 
simple  form.  For  example,  in  the  case  5  of  table  2,  these 
formulas  are  approximately  expressed  by  those  of  case  1. 


Fig.5  Parallel  model 
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Table  6  Calculated  results  for  submarine  cable 


4-5  Installation  into  a  Duct 

Formulas  for  case  6  in  Table  2  are  obtained  by  the  substitution 
W-»0,  w-»nM(M=W+w)  in  the  formulas  for  case  4  in  the 
same  Table.  Using  the  formulas  for  case  6,  shift  phenomena 
in  a  cable  which  is  pulled  into  a  duct  can  be  caluculated.  For 
the  cable  shown  in  example  (I)  of  Table  3,  the  shift  at  the 
pulling  top  end  is  calculated 
as  follows: 

(1)  Pulling  sheath  only 

S(Lo)=0.0048  (m)  /i  =991 .97  (m) 

(2)  Pulling  cable  core  only 
S(Lo)=0.0012  (m)  /i=995.97  (m) 

where  the  total  length  is  Lo=1000m 

It  is  apparent  that  the  element  with  large  tensile  elasiticity 
should  be  pulled.  Of  course  connecting  tJl  elements  firmly  at 
the  pulling  top  end  is  the  best  way  to  avoid  the  shift. 


4-6  Shift  in  Winding  Portion 

Shift  phenomena  in  the  winding  portion  is  much  more 
difficult  to  analizc.  In  the  model  shown  in  Fig.  8,  To  is  the 
initial  tension  acting  on  "A"  at  the  origin  point.  If  the  shift 
occurs  in  the  section  of  [o,/i],  tension  distribution  will  take  a 
pattern  shown  in  Fig,  9.  At  the  point  of  x=Lo,  the  elements 
take  off  the  sheave. 


Tension 
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Fig.  10  Analysis  model 


Refering  to  Fig.  10,  frictional  forces  are  expressed 
as  follows: 


a'  =  H2(Po+^) 


where  ixi  and  Ji2  are  frictional  co-efficients  and  Po  is  the 
contact  pressure  in  straight  state.  So  |i.2Po  =  o  implies  the 
pulling  out  force  per  unit  length  if  "A"  and  "B"  are  concentric. 
Static  balance  conditions  are  expressed  by  following 
simultaneous  differential  equations. 


-dL=i^ 
dx  R 


+  lt2Po 


dT^Hl-r  .  Hl±2. 

dx  R  R 


-  I22P0 


The  solutions  are 

t(x)  =  Mjexp{Mx).il 

T(x)  =  To  exp(^x)  -  jexpC^x)  -  1  j 


Using  eq.  (1)  (2)  (3)  and  (4),/i,To,S(0)  and  S(x)  can  be 
calculated.  If  t(Lo)<kF/(K+k),  the  ending  point  of  shift  will 
extend  to  /2(>Lo),  therefore  the  tension  distribution  will  be 
shown  as  Fig.  11.  As  the  two  values  of  T(Lo)  or  t(Lo) 
calculated  by  two  different  equations  defined  in  two  different 
section[0,Lo]  and  [Lo,/2]  should  be  the  same,  I2  and  To  are 
expressed  by  eq.(5)  and  eq.(6)  respectively. 


Fig.  1 1  Tension  distribution 


In  the  section[0,Lo],  S{x)  takes  the  same  form  as  eq.(3).  In 
the  section  [Lo,/2],  the  shift  is 


Since  t(/i),T(/i)  should  take  the  values  shown  in  Fig.  9, 
_  R  /  1 1  ,  lA2kF  I  _  R  ,  F 

V+k)Rorn/"To 


so  that 


1,  H2kF  S' 


\  (K+k)Ra 

are  derived. 

S(x)  is  written  as 


S(x)  =  S(0)  + 


=  S(0)+^i{exp(;x)-l) 

^  c 

(K+k)oR  1,  ,  ,  ,,  (K+k)oR 

where  C  =  ^  =  P2/R 

The  boundary  condition  S(/i)=0  yields 

S(0)  =  ^-1- --!-)  + - EE - 

K  1^2  111  (  ^jkF  ISL 

Kkul  1  (K+k)Ro( 

=  FE.(J _ 1  X  TqR  (K-i-k)Ro/i 

K  >2  111  KHi  KkH2 


S(x)  =  S(Lo)  +  [(/2-Lo)2  -  (/2-x)2  ] 

TTie  boundary  condition  S(/2)=0  leads  to 

SO  that 

SW..U^„,„2  (8) 

Since  S(Lo)  calculated  by  eq.(3)  and  (7)  should  be  the  same 
value, 

kF2  (K-t-k)R^o 
2K(K+k)o  2Kk^^ 

X  |exp(^l^)  -  4exp(H|i)  +  +  3  j 

S(x)  in  [o,Loi  is  calculated  from  eq.(9)  and  eq.(3),  on  the 
other  hand  in  [Lo,/2],  eq.(8)  gives  S(x).  If  /2=Lo,  both 
equations  give  the  same  value  of  S(Lo)=0.  This  particulaer 
situation  apears  when  F=Fc:  where 
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As  a  practical  example,  the  calculated  results  for  nylon  coated 
optical  fiber  are  shown  in  from  Fig.  12  to  Fig.  17. 

Fig.  12,13,14  and  15  show  /i,/2,To,S(0),S(Lo)  when  F 
varies.  Fig.  16  and  Fig.  17  show  T(x),  t(x)  and  S(x)  when  F 

is  fixed  at  3  kg(>Fc).  This  fiber  has  6OOpm0  diameter  of 
nylon  coating,  and  125)im(t)  diameter  of  silica  glass  and  values 
nesessary  for  calculation  are  as  follows: 

K=15kg  ,  k=90kg  ,  m=0.5  ,  p2=0.2  ,  R=0.05m 
O=10kg/m  ,  Lo=0.157m(half  circle). 


h,h  (cm) 


Fig.  12  F  vs.  li  or  h 


S(0)(mm) 

Fig.  14  F  vs.  S(0) 


S(Lo)  (mm) 

Fig.15  F  vs.  S(Lo) 

T,t  (kg) 


Fig.  16  Longitudinal  tension  distribution 
when  F=3kg 


Fig.  17  S(x)  when  F=3kg 


Here,  o  and  p2  are  assumed  so  as  to  exist  /2(>Lo)  when  F>Fc 
which  is  2.55kg  in  this  case. 


EXPERIMENT 


In  the  experiment,  0.9mm(t)  nylon  coated  optical  fiber  was 
wound  on  the  sheave  with  15cm<l»  dia.  by  half  i  im.  The  shift 
occurs  at  the  interface  between  nylon  and  silii  ■  ''e  resin  buffer 
layer  of  which  diameter  is  0.4mm(t). 
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S(0)  was  measured  varying  the  tension  F  in  the  range  from  0 
to  3kg  which  dose  not  go  beyond  Fc=5,37kg.  The  schematic 
view  of  the  experiment  is  illustlated  in  Fig.  18.  The  values 
needed  for  theoretical  calculation  are  as  follows: 

K=50kg  ,  k=90kg  ,  pi  =0.1 6  ,  p2=0.32  ,  R=0.075m 
o  =8.5kg/m  ,  Lo=0.2356  m  (half  circle) 

The  measured  values  and  calculated  values  are  shown  in  Fig. 
19.  Both  values  are  approximately  coinside  with  each  other 
showing  varidity  of  this  theory. 


On  the  conuary,  weak  linkage  between  two  elements  which 
have  both  large  tensile  elasticity  is  most  likely  to  occur  shift 
phene  rena.  Although  these  concept  is  understandable  to  some 
extent  from  experiences  in  manufacturing  and  handling 
cables,  exact  understanding  of  this  phenomena  could  be 
clarified  by  this  analysis.  This  theory  will  be  widely  applied  to 
varieties  of  problems  which  relate  to  shift  phenomena  in 
cables. 


Fig.  18  Outline  of  the  experiment 
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6.  CONCLUSION 

This  paper  describes  analysis  on  shift  phenomena  between  to 
elements  contained  in  a  cable  and  derives  several  formulas 
useful  for  practical  calculation.  Generally,  followings  are 
effective  to  decrease  shift  amount. 


(1)  External  tension  should  act  first  on  the  element  which  has 
large  tensile  elasticity. 

(2)  The  neighbour  element  is  preferable  to  have  small  tensile 
elasticity. 

(3)  If  the  neighbour  element  is  required  to  have  large  tensile 
elasticity  for  another  reaseon,  frictional  link  between  both 
elements  should  be  large  enougth. 
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CHARACTERISTICS  AND  APPLICATIONS  OF  A  NON-METALLIC, 
WATERPROOF,  NON-HALOGEN  FLAME-RETARDANT  OPTICAL 
WIRE  WITH  AN  ELLIPTICAL  CONSTRUCTION 

T.  Amano*,  H.Horima*,  K.  Fukuoka**,  T.  Yamazaki** 

*Sumitomo  Electric  Industries, Ltd., 

**Tsushin  Kogyo  Electric  Wire  &  Cable  Co.  Ltd. 


1.  Abstract 


In  FTTH  (fiber  to  the  home),  the  most  significant 
target  of  public  communications,  an  ultra  high 
density  multi  fiber  cable  has  been  developed  which 
accommodates  more  than  1,000  cores  of  optical 
fiber.®  The  small  core  fiber  cable  for  dropping 
and  wiring  to  each  household,  on  the  other  hand, 
has  been  making  remarkable  progress,  too.  In 
addition,  the  application  range  of  optical  fiber  has 
been  extending  over  the  field  of  various  sensors.  A 
fiber-optic  distributed  temperature  sensor  has  been 
developed  by  utilizing  the  dependency  of  the  optical 
fiber's  Raman  back-scattered  light.  And  the  optical 
fiber  cable  for  this  sensor  has  been  studied 
continuously.  In  particular,  an  ultra-high  voltage 
power  cable  is  being  applied  more  and  more  to 
temperature  monitoring,  fault  monitoring  and 
position  detection  systems.  Recently,  We  have 
developed  and  evaluated,  a  small-sized,  optical 
cable,  which  is  oval  in  shape  and  can  be  applied  to 
such  a  wide  range  of  uses. 

2.  Introduction 

Optical  fiber  has  been  achieving  remarkable 
development  in  the  field  of  communications  making 
effective  use  of  its  low  attenuation  and  large 
capacity.  In  recent  years,  research  has  been 
actively  pursued  to  apply  the  optical  fiber  itself  as  a 
sensor,  resulting  in  a  remarkable  expansion  of  its 
application  range. 

In  the  public  communications  field,  progress  has 
been  made  in  1.55  pm  band  transmission  long¬ 
distance  large-capacity  communications  with 
dispersion-shifted  fiber  and  a  fiber  amplifier 
applied.  On  the  other  hand,  a  subscriber  system 
optical  linkage  technology  has  been  researched 
continuously  and  an  ultra-high  density  multi-fiber 
cable  mainly  aimed  at  FTTH  with  more  than  1,000 
cores  has  also  been  developed.  And  studies  are 
being  vigorously  made  on  small-core  optical  cable 
for  dropping  and  wiring  to  each  subscriber  as  a 
important  technology  for  FTTH. 


important  technology  for  FTTH. 

On  the  other  hand,  as  an  example  of  the  application 
of  optical  fiber  to  sensors,  a  fiber-optic  distributed 
temperature  sensor  has  been  progressively  applied 
in  many  fields,  which  permits  us  to  determine  a 
temperature  range  of  -150°C  through  +300°C, 
utilizing  the  dependency  of  the  Raman  back- 
scattered  light  intensity  of  optical  fiber's  upon 
temperature. 

Figure  1  shows  a  fiber-optic  distributed 
temperature  sensor  system  configuration.  Storks 
light  and  Anti-Storks  light,  two  components  of  the 
Raman  back-scattered  light  in  optical  fiber,  have 
their  respective  intensities  varied,  depending  upon 
temperature.  With  the  laser  incident  lo  the  optical 
fiber  at  one  end,  the  Raman  back-scattered  light 
returned  over  the  optical  fiber  width  is  determined 
by  application  of  OTDR  (optical  time  domain 
refractometry),  thereby  determining  the 
temperature. 


Fig.l  Fiber-Optic  Distributed  Temperature  Sensor  System 
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This  sensor  is  to  determine  the  scattered  light  of 
optical  fiber  itself.  It  is  capable  of  determining 
temperatures  longitudinally  in  succession.  In  the 
electric  power  field,  in  particular,  attention  has 
been  paid  to  two  points:  one  is  that  the  optical  fiber 
applied  distribution  type  temperature  sensor  be  non- 
metallic  and  the  other  that  it  be  capable  of 
determining  a  longitudinal  succession  of 
temperatures.  As  a  result,  studies  have  been  made 
concerning  the  feasibility  of  applying  this  system  to 
the  establishment  of  a  maintenance  system,  which 
permits  us  to  monitor  an  ultra-high  tension  power 
cable  temperature  regularly,  to  detect  a  failure 
point  in  the  event  of  fault,  and  to  assess  the 
magnitude  of  such  a  fault  promptly. 

The  author  et  al.  have  developed  an  oval-shaped, 
small-sized,  non-metallic,  non-halogenized  and 
flame-retardant  optical  cable,  which  has  a  wide 
enough  range  of  applications  to  cope  with  such  an 
expansion  of  the  application  optical  fiber  as 
referred  to  above. 


3.  Required  Characteristics 

In  an  optical  subscriber  cable  network,  the  optical 
drop  wire,  optical  indoor  cable  and  optical  cable 
for  LAN  are  installed  through  a  variety  of  wiring 
roots,  such  as  an  aerial  root  from  power 
transmission  cable  posts,  underground  root  leading 
into  households  by  use  of  a  existing  duct,  etc.  and 
in-door  piping  and  undercarpet,  etc.  Such  optical 
cable  is  required  to  be  small-sized  of  flexible 
construction  and  low  cost.  With  an  underground 
root  assume^  as  an  environment  resistance 
requirement,  moreover,  the  optical  cable  is  called 
upon  to  be  waterproof,  and  flame-retardant  with 
consideration  given  to  household-oriented  wiring 
disaster  prevention.  Besides,  a  non-metallic 
construction  is  also  required  in  the  sense  of  both 
insulation  and  safety. 

The  distributed  temperature  sensor,  on  the  other 
hand,  has  been  having  its  applicability  studied  as  a 
sensor  for  monitoring  power  cable  temperature 
regularly  and  to  detect  a  failure  point  in  the  power 
cabling.  Regularly  monitoring  of  power  cable 
temperature  would  not  raise  any  special  problem 
since  a  power  cable  changes  temperature  gradually. 
If  however,  a  fault  such  as  grounding  accident  or 
the  like,  is  detected,  the  optical  cable's  temperature 
follow  ability  relative  to  a  temperature  change  of  a 
determined  object  will  turn  out  to  be  a  key  point 


since  such  a  fault  is  accompanied  by  a  slight  degree 
of  temperature  change  and  is  local  as  well.  As  a 
result,  the  optical  cable  is  required  to  have  an 
excellent  level  of  radiated  heat  absorption 
efficiency  and  a  low  thermal  capacity,  that  is  ,  a 
delicate  construction  of  high  mountability  onto  any 
determined  object. 

A  tunnel  or  the  like  could  turn  out  to  be  the 
installation  environment  of  the  optical  cable. 
Nevertheless,  the  tunnel  may  be  internally  flooded 
with  water.  The  optical  cable,  therefore,  is 
required  to  have  a  water-proof  and  flame-retardant 
construction  for  disaster  prevention  as  well. 
Moreover,  with  consideration  given  to  the  effects 
of  electromagnetic  induction,  etc.,  the  optical  cable 
is  desired  to  have  a  non-metallic  construction  from 
a  safety  point  of  view. 

4.  Cable  Construction 


As  far  as  the  cable  construction  is  concerned,  a 
study  was  made,  with  consideration  given  to  the 
conformability  to  a  change  in  temperature  and  to 
ease  of  handling  in  wiring  work. 

To  improve  the  radiated  heat  absorption  efficiency, 
a  ideal  optical  cable  should  have  a  section  shaped 
into  a  rectangle  from  a  contact  area  point  of  view. 
From  an  adherence  point  of  view,  however,  a 
round  shaped  is  more  advantageous  in  terms  of 
flexibility.  As  shown  in  Figure  2,  therefore,  the 
cable  was  designed  into  an  elliptic  shape  constructed 
to  be  highly  workable  in  wiring  and  efficient  in 
absorbing  radiated  heat,  with  the  characteristics  of 
both  the  rectangular  and  round  shaped.  Moreover, 
this  design  shows  excellent  crush  characteristics, 
for  loading  on  the  tension  member  in  relation  to  a 
lateral  load  (indicated  with  arrows  in  Figure  2). 
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Considering  that  not  only  the  outer  jacket  material 
but  also  the  fitting  compound  should  be  flame 
retardant,  a  flame  retardant  Jelly®  has  been  applied. 
On  the  supposition  that  it  is  mounted  onto  a  high- 
tension  power  cable,  the  optical  cable  has  adopted  a 
non-metallic  construction  from  a  safety  point  of 
view,  with  an  FRP  tension  member  applied.  And 
this  optical  cable  is  also  designed  the  two  (!)250  pm 
UV-cured  fibers  or  a  2-fiber-ribbon®  can  be  built 
in  together  with  a  rip  cord  made  of  aramid  yam. 
Photo  1  shows  sectional  view  of  a  2-fiber-ribbon 
built-in  optical  cable  actually  manufactured.  This 
cable  is  of  a  low-cost-oriented  design,  produced  by 
a  single  process. 


Photo  1  Cross  Sectional  View  of  Optical  Cable 


Fig.3  Compact  Jelly  Filling  Facility 


The  jelly  in  the  jelly  feeder  vessel  is  fed  into  the 
lower  clearance  by  a  weight  placed  thereon  in 
addition  to  the  gravity  of  the  jelly  itself.  As  a 
result,  the  disc  rotates  so  that  the  jelly  will  stick  to 
the  fiber.  The  quantity  of  jelly  sticking  to  the  fiber 
varies  with  its  viscosity,  feedrate  (drop  speed),  disc 
turning  rate,  and  fiber-passing  speed.  A  desired 
quantity  of  jelly  may  be  continuously  obtained  by 
selecting  the  disc  turning  speed,  weight  load, 
clearance  breadth  and  so  on.  In  addition,  the  jelly 
which  has  stuck  to  the  fiber  is  squeezed  into  an 
appropriate  quantity  while  passing  through  the 
squeezing  die.  After  the  jelly  is  simultaneously 
formed  into  an  appropriate  shape,  it  is  extruded 
together  with  the  tension  member  and  made  into  a 
cable. 


5.  Compact  Jellv  Filling  Facility 

To  fill  a  sufficient  amount  of  jelly  into  the  small¬ 
sized  cable  core  designed  as  reported  herein,  the 
author  et  al.  developed  a  compact  jelly  filling 
facility,  too.  figure  3  shows  the  configuration  of 
the  facility  developed.  This  compact  jelly  filling 
facility  is  composed  of  a  cylindrically  shaped  jelly 
feeder  vessel,  a  rotary  disc  with  controllable  speed, 
a  squeezing  die  and  a  recipient. 

The  jelly  feeder  vessel  and  the  rotary  disc  are 
provided  with  a  clearance  of  1  or  2  mm.  The 
optical  fiber,  and  the  rip  cord  are  led  into  the  cross 
head  of  the  extruder,  the  main  device  for  cabling 
passing  through  the  squeezing  die  by  way  of  that 
clearance. 


The  compact  jelly  filling  facility  permits  the  jelly  to 
be  filled  longitudinally  and  uniformly  into  a  small¬ 
sized  optical  cable.  Photo  2  shows  the  jelly  filling 
facility  actually  developed. 


Photo2  View  of  Compact  Jelly  Filling  Facility 
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6.  Characteristics  of  Optical  Cahle 


The  extremely  flexible,  elliptically  shaped,  small¬ 
sized,  non-metallic  ,  non-halogenized  and  flame- 
retardant  optical  cable  recently  designed  as  shown 
in  figure  2  was  actually  manufactured  and  evaluated 
for  its  characteristics.  Results  involved  are 
described  below. 

6.1  Transmission  Characteristics 

Both  GI  SM  ({>250  p^m  UV  cured  fiber  and  2-fiber 
ribbon  were  manufactured.  For  GI  and  SM  fibers 
were  evaluated  at  1.3  pm  and  1.5  pm,  respectively. 

From  the  evaluation  of  loss  variation  during  the 
process,  GI  and  SM  showed  loss  variations 
stabilizing  at  0.04  dB/km  or  less  and  0.02  dB/km  or 
less,  respectively.  From  this,  it  may  be  gathered 
that  the  loss  variation  during  the  process  is  scarcely 
affected  by  a  difference  in  the  fiber  coating 
structure  of  the  optical  fibers. 

6.2  Mechanical  Characteristics 

With  application  as  a  temperature  sensor  for  the 
power  cable  taken  into  consideration,  the  optical 
cable  was  required  to  have  an  especially  small¬ 
sized,  highly  flexible  construction.  For  flexibility, 
the  optical  cable  was  studied  concerning  the 
directionally  of  bend  and  bendability  with  a  load 
applied,  as  shown  in  Figures  4.  From  this,  it  may 
be  gathered  that  the  optical  cable  has  no 
directionally  of  bend  and  good  bendablity.  With 
wiring  workability  taken  particularly  into  account, 
the  optical  cable  was  designed  with  special 
attention  paid  to  crush  characteristics,  which 
showed  an  excellent  value  as  shown  in  Figure  5. 
Other  mechanical  characteristics  obtained  are 
summarized  in  Table  1,  showing  satisfactory  values 
for  the  construction  proposed  herein. 


Fig.4  Result  of  Flexibility  Test 


Fig. 5  Crush  Characteristics 


Table  1  Mechanical  Characteristics  of  the  Optical  Cable 


Item 

Test  conditions 

Test  results 

Tensile 

at  T<  HK)N 

performance 

No  loss  increase 

Crush 

Y 

-irn 
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6.3  Temperature  Characteristics 

For  temperature  characteristics,  GI  and  SM  were 
studied  concerning  1.3  and  1.55  pm,  respectively. 
Results  involved  are  as  shown  in  Figure  6.  Any  of 
these  values  pose  no  problem  in  the  practical  use  of 
the  optical  cable. 


6.5  Water  Proofness 

A  water-proof  test  was  conducted  in  accordance 
with  the  iEC-794-l-F5.  Table  3  shows  the  related 
test  method  and  results.  From  these  results,  it 
could  be  verified  that  the  optical  cable  could  be 
installed  in  a  tunnel,  underground  duct,  etc. 
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Fig.6  Temperature  Characteristics 
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6.4  Flame  Retardancy 

A  flame  retardant  test  was  conducted  in  accordance 
with  JIS  C  3005  28.2  (2).  Table  2  shows  the 
related  test  method  and  results,  demonstrating 
sufficiently  satisfactory  characteristics.  Moreover, 
even  if  it  is  mounted  on  the  power  cable  applicable 
to  the  vertical  tray  method  subject  to  the  IEEE383 
2.5,  the  optical  cable  was  also  verified  not  to 
adversely  affect  the  flame  retardancy  of  the  power 
cable. 


Table  2  Result  of  Flame  RetardancyTest 


Table  3  Result  of  Water  Penetration  Test 


Test  Condition 
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7.  Characteristics  as  a  Temperature  Sensor 

As  referred  to  above,  the  optical  cable  proposed 
showed  satisfactory  characteristics  while  being 
capable  of  accommodating  two  fibers  or  a  2-fiber 
ribbon.  Thus,  it  could  be  confirmed  that  the  optical 
cable  was  applicable  to  the  FTTH  as  a  dropping 
cable. 

Subsequently,  therefore,  the  optical  cable  was 
checked  to  verify  its  characteristics  as  a 
temperature  sensor.  In  this  case,  an  evaluation  was 
made  on  Gl  fiber  whose  Raman  back-scattered  light 
was  stable  and  easy  to  determine.  Figure  7  shows 
the  results  of  determining  temperatures  in 
environments  with  locally  given  temperature 
difference  of  50  °C  distribution  on  a  spectrum 
analyzer.  From  the  results,  it  may  be  gathered  that 
the  optical  cable  proposed  herein  is  applicable  as  an 
ordinary  thermometric  sensor.  In  addition,  testing 
was  conducted  to  detect  a  grounding  fault  in  a 
power  cable.  Figure  8  shows  the  results  of 
determining  a  change  in  temperature  with  regards 
to  the  proposed  optical  cable  when  the  power  cable 
suffered  from  a  grounding  fault.  The  optical  cable 
detected  a  temperature  rise  of  4  or  5  °C  relative  to 
the  grounding  fault  which  had  taken  place.  Thus,  it 
could  be  verified  that  the  optical  cable  proposed 
herein  is  applicable  as  a  grounding  fault  sensor,  as 
well. 
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Fig.8  Determination  of  Temperature  Variation 
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8.  Conclusion 


We  designed,  fabricated,  and  evaluated  an  oval, 
small-diameter,  non-metallic,  waterproof  and  non- 
halogenized  flame -retardant  optical  cable  that  can 
be  easily  used  for  dropping  to  the  home,  or  for 
wiring  in  a  duct,  or  for  wiring  under  carpets  in  the 
home  and  can  be  easily  mounted  to  the  object  to  be 
measurement  as  a  part  of  a  distributed  temperature 
sensor. 


As  a  result,  it  has  been  revealed  that  the  oval  optical 
cable  we  have  developed  has  adequate  temperature 
characteristics,  transmission  characteristics, 
mechanical  characteristics,  waterproofness,  and 
flame  retardancy  together  with  temperature 
following  characteristics  when  applied  to 
distributed  temperature  sensors. 

The  results  of  this  evaluation  prove  that  this  cable 
can  be  applied  to  the  fields  mentioned  above 
without  any  practical  problem. 
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Abstract 

In  the  UK,  BT’s  copper  access  network  is  predominantly 
underground  cable  housed  in  preinstalled  ducts. 
Flexibility  is  provided  at  two  points  on  route  to  the 
customer;  firstly,  at  street  side  cabinets  serving  up  to 
600  lines;  and  secondly,  at  distribution  points  serving 
around  10-15  lines.  In  total  BT  has  about  250,000km 
of  underground  duct,  83,000  cabinets,  3.1  million 
distribution  points  and  3.7  million  manholes  and  joint 
boxes. 

In  progressing  towards  a  fully  fibred  network 
exploitation  of  this  valuable  infrastructure  is  essential 
and  this  paper  examines  a  process  for  economic  role  out 
of  a  thin  fibre  overlay  with  high  resilience  and  a  future 
proof  capacity. 


1 .  Fibre  Access  Philosophy 

The  ultimate  goal  is  a  fixed,  resilient,  transparent 
optical  access  network,  with  capacity  for  all 
foreseeable  service  requirements.  The  aim  must  be 
to  create  a  fully  managed  fibre  network  in  the  form 
of  a  thin  widespread  overlay  for  the  whole  access 
topography.  Such  a  network  can  be  equipped  as  the 
need  arises  and  thereby  results  in  capital 
expenditure  savings,  since  the  major  part  of  the 
investment  will  be  the  provision  of  terminal 
equipment  on  a  'just  in  time'  basis.  The  design  and 
management  concepts  should  enable  the  rapid 
provision  of  extra  lines  to  new  or  existing 
customers,  and  flexible  provision  or  reconfiguration 
of  telephony  services.  Continuous  monitoring  of  the 
health  of  the  whole  system  will  be  essential,  to  make 
service,  fault  free  and  transparent  to  the  customer. 

In  order  to  be  completely  future  proof  the  network 
should  be  single  mode  optical  fibre,  with  no 
bandwidth  limiting  active  electronics  within  the 
infrastructure.  Consequently,  only  passive  optical 
networks  which  can  offer  this  total  transparency  and 
complete  freedom  for  upgrade,  should  be  considered. 


The  most  common  passive  optical  network  (PON)  is 
the  simplex  single  star,  with  point  to  point  fibre  for 
each  transmit  and  receive  path,  from  the  exchange 
head  end  (HE),  and  the  customer  network 
terminating  equipment  (NTE).  This  network  design 
has  been  used  throughout  the  work)  and  by  BT  [1]  and 
meets  all  the  access  criteria.  It  involves  high  fibre 
count  cables  and  unique  electro-optic  provision  at  HE 
and  NTE  for  each  customer.  The  resulting  inherent 
cost  can  only  be  justified  for  large  business  users, 
who  generally  also  require  the  security  of  diverse 
routing,  which  increases  the  cost  still  further. 

The  advent  of  optical  splitters,  based  on  fused  fibre 
[2]  and  the  ability  to  make  wavelength  flattened 
devices,  demonstrated  by  BT  in  1985,  [3]  has 
enabled  the  concept  of  the  PON  to  be  taken  one  step 
further.  These  passive  components  allow  the  power 
transmitted  from  a  single  transmitter  device  to  be 
distributed  amongst  several  customers,  thereby 
reducing  and  sharing  the  capital  investment.  In 
1987  BT  has  demonstrated  splitter  technology  in  a 
system  for  telephony  on  a  passive  optical  network 
(TPON)  with  a  128  way  split  and  using  time  division 
multiplex  (TDM)  running  at  20Mb/s  [4].  This 
combination  enabled  basic  rate  integrated  service 
digital  network  (ISDN)  to  be  provided  to  all 
customers.  In  practice,  the  competitive  cost 
constraint  of  the  existing  copper  network,  precludes 
domestic  customers  from  having  just  telephony  over 
fibre,  due  to  the  high  capital  cost  of  equipment. 
However,  telephony  for  small  business  users,  with 
>5  lines  can  probably  break  this  barrier. 

The  wider  range  of  service  and  higher  capacity 
required  by  business  customers  makes  a  32  way 
split  more  attractive  for  a  20  Mb/s  system  and  this 
has  been  demonstrated  by  BT's  local  loop  optical  field 
trial  (LLOFT)  at  Bishop's  Stortford,  [5]  [6]. 

The  additional  digital  capacity  available  at  each  NTE 
with  this  lower  split  level,  enables  the  customer  to 
be  offered  a  wide  range  of  service  options.  These 
would  typically  be  single  channel  telephony  (POTS); 
ISDN  2;  ISDN  30;  Megasiream;  Kitostream  and 
Analogue  private  circuits  (PC's).  Each  NTE  would 
have  capacity  for  1  Megastream  (2Mb/s)  plus  30 
POTS  channels  or  equivalent. 
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Figure  1.  The  32  way  PON  used  by  BT  for  LLOFT 

Achieving  this  ievel  of  fiexibility  impiies  a  compiex 
time  management  process  and  the  TPON  bit  transport 
system  (BTS)  [7]  enabies  any  number  of  the  240 
avaiiable  64  Kbit/s  time  slots,  from  any  of  the  8 
connected  2  Mb/s  exchange  ports  at  the  HE,  to  be 
allocated  to  any  customer  terminal,  to  suit  demand; 
and  this  choice  can  be  reconfigured  in  seconds  from 
customer  service  desks.  This  ensures  that  all  2Mb/s 
ports  are  efficiently  utilised.  Additionally,  time 
delay  in  the  network  return  paths  and  the  amplitude 
of  each  NTE  laser  power  level  is  monitored  and 
controlled  by  the  HE  equipment,  to  ensure  perfect 
matching  and  multiplexing  of  the  return  signals. 
This  monitoring  feature  also  offers  a  powerful 
diagnostic  tool  for  supporting  maintenance, 
equipment  health  and  fault  location;  giving  advanced 
warning  of  problems  and  thus  enabling  quality  of 
service  standards  for  above  those  currently 
available. 

In  summary,  the  use  of  splitter  based  PON 
architecture  will  reduce  the  cost  of  fibre  deployment 
in  the  access  network.  When  compared  with  point- 
to-point  fibre,  savings  will  result  form:- 

reducing  the  nijmber  of  fibres  at  the 

exchange  and  in  the  network. 

reducing  the  amount  of  terminal 

equipment  at  the  exchange 

sharing  the  cost  of  equipment  amongst  a 

number  of  customers 

providing  a  thin,  widespread,  low  cost, 

fibre  infrastructure 

providing  a  high  degree  of  flexibility  and 

allowing  'just  in  time'  equipment  and 

service  provision. 

Additionalty,  PON  architecture  can  be  tailored  to  suit 
the  existing  Infrastructure  resources  (duct  and  other 
civil  works). 


2.  Achieving  the  Goal 

Total  network  transparency  retains  the  option  for 
future  services  to  be  provided  on  different 
wavelengths  to  the  telephony  band,  which  for  TPON  is 
in  the  1300nm  window.  By  transmitting  at  other 
wavelengths,  other  services,  such  as  broadband 
access  for  cable  television  and  high  definition  TV,  or 
business  services,  such  as  high  bit  rate  data,  video 
telephony  or  video  conferencing,  can  be  provided. 
The  huge  bandwidth  potential  of  fibre  promises 
virtually  unlimited  capacity  for  the  transparent 
network.  Eventually  it  will  be  possible  to  transmit 
hundreds  of  wavelengths  simultaneously,  as  the 
development  of  technology  in  optical  components  such 
as,  narrow  band  lasers,  wavelength  division 
multiplexers  (WDM'S),  optical  filters,  fibre 
amplifiers  and  tunable  devices,  moves  forward. 

For  this  potential  to  remain  available  and  for  the 
access  network  to  be  used  to  provide  many  and  varied 
services,  the  network  must  be  designed  and 
engineered  to  provide  very  high  levels  of  security 
and  resilience.  Even  for  simple  POTS,  advance 
warning  and  live  maintenance  are  essential  to  limit 
disruption;  these  have  been  demonstrated  with  TPON 
18). 

Resilience  implies  diverse  routing,  and  exploiting 
the  existing  infrastructure  of  underground  ducts  and 
other  civil  works  is  a  prime  requirement  of  the 
design  philosophy.  Analysis  of  this  resource  has 
indicated  that  diversity,  from  creating  primary  ring 
topographies,  could  be  achieved  by  linking  the  spine 
cables  which  currently  feed  many  primary 
connection  points  (POP'S)  in  the  existing  star  type 
network.  This  would  allow  the  generic  PON 
architecture  shown  in  Figure  2.  The  route  lengths 
shown  are  typical  of  the  majority  of  BT’s  local 
networks. 
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Figure  2.  PON  with  distributed  split  and  primary  route  diversity. 


54  International  Wire  &  Cable  Symposium  Proceedings  1 992 


Figure  2  also  shows  duplication  of  the  HE  opto¬ 
electronic  equipment.  This  simple  solution  is 
preferred  to  alternatives  which  add  complexity,  for 
instance  the  use  of  optical  fibre  switches,  as  it 
reduces  the  component  count  and  gives  increased 
reliability  from  duplication  of  essential  high  risk 
components. 

In  order  to  create  rings  from  the  existing  star 
configurations  some  localities  will  have  existing 
ducts  that  will  allow  the  link  cables  to  be  installed. 
In  BT’s  suburban  networks  analysis  has  shown  that 
on  average  60%  of  PCP's  can  be  served  on  rings 
using  existing  duct,  and  by  adding  new  duct  links  of 
200m  or  less,  a  further  30%  can  be  covered. 

A  typical  existing  topography  is  shown  in  Figure  3 
with  proposed  new  duct  links  shown  dotted. 


Figure  3. 

Primary  local  duct  and  cabinet  topography. 

In  some  cases  there  will  be  natural  or  man  made 
boundaries  where  physical  rings  cannot  be  provided 
and  in  these  cases  duplicate  fibres  in  the  same  duct 
route  i.e.  across  rivers  or  over  railway  bridges,  may 
be  the  only  choice. 


For  the  majority  of  customers  the  primary  ring  will 
give  adequate  resilience,  and  this  will  be  the 
preferred  option  in  most  cases,  but  if  further 
protection  is  considered  necessary  or  is  requested, 
then  duplication  of  fibre  in  the  secondary  cables 
would  be  the  second  option,  with  the  third  option 
being  alternative  routing  to  a  different  PCP,  giving  a 
totally  diverse  solution. 

Figure  4  shows  a  generic  ring  architecture  with 
these  various  options.  Each  primary  node  on  the  ring 
will  be  at  an  existing  PCP  position  in  the  network  and 
is  fed  from  fibres  In  both  directions  round  the  ring. 
Both  primary  and  secondary  nodes  contain  splitters 
for  several  PONs  and  also  straight  through  fibres  for 
point  to  point  links  to  large  business  customers. 

3.  PON  Topology  and  Component  Options 

The  architecture  adopted  for  the  PON  tOF>ography  will 
be  influenced  by  transmission  technique  and  the 
availability  of  suitable  splitter  components. 
Transmission  options  are  simplex  (two  fibre  paths) 
and  duplex,  half  duplex  or  diplex  (single  fibre  path). 

Simplex  working  increases  the  complexity  of  the 
infrastructure  due  to  the  two  fibre  circuits  required, 
however  it  benefits  from  the  lowest  optical  insertion 
loss,  due  to  the  absence  of  duplexing  couplers,  and  the 
lowest  return  loss  since  reflections  are  virtually  not 
a  problem  with  separate  transmit  and  receive  paths. 

Duplex  and  half  duplex  working  have  an  insertion 
loss  penalty  of  7dB  from  the  duplexing  couplers  and 
diplex  working  replaces  these  with  WDM’s,  with  a 
reduced  penalty  of  2dB. 

Figure  5  shows  schematically  the  effect  of  the  PON 
transmission  technique  on  the  insertion  loss 
specification  for  the  devices.  This  assumes  a  fixed 
overall  power  budget  and  shows  that  because  simplex 
working  has  the  lowest  loss,  the  splitter  spedficaion 
could  be  relaxed. 
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The  chosen  level  of  split  will  be  dependent  on  the 
available  power  budget  and  the  degree  of  flexibility 
required  in  the  network.  As  already  discussed  there 
is  little  advantage  in  providing  a  high  level  of  split  if 
the  channel  capacity  of  the  transmission  equipment 
cannot  adequately  service  a  large  number  of 
customers. 
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Figure  5.  The  effect  of  PON  topography  on  the 
insertion  loss  specification. 

The  return  loss  of  components  used  In  duplex  systems 
must  be  tightly  controlled  since  reflections  from 
these  can  cause  deterioration  in  the  signal  to  noise 
ratio  of  the  sytem,  [9].  A  discussion  on  reflections  is 
presented  elsewhere.  [10.  llj.  Simplex,  half 
duplex  and  diplex  working  imposes  less  of  a 
constraint  on  the  return  loss.  Typically,  reflections 
in  these  scenarios  do  not  introduce  errors  unless 
they  are  high  enough  to  introduce  transmitter 
problems  at  the  head  end.  Figure  6  shows 
schematically  the  effect  of  PON  transmission  systems 
on  the  return  loss  specification  for  the  devices. 

Return 


Figure  6.  The  effect  of  PON  topography  on  the  return 
loss  specification. 


In  view  of  the  long  term  aim  to  provide  a  total  fibre 
infrastructure  and  the  present  early  stale  of  passive 
technology  components,  it  is  considered  beneficial  to 
opt  for  simplex  working  and  a  reiatively  low  level  of 
split  (<32)  for  initial  role  out  of  PON  networks. 
High  quality  components  should  be  used,  as  this  will 
enable  future  conversion  to  single  fibre  working  by 
the  simple  addition  of  2x2  duplexing  couplers  at  the 
network  terminations. 

The  choice  and  position  of  splitters  in  the  network 
must  be  a  balance  between  the  requirements  of 
geographical  customer  base  and  the  aim  of  providing 
maximum  flexibility  with  a  low  fibre  penetration. 
There  is  no  single  right  answer  and  the  field  planner 
requires  a  range  of  kit  and  simple  rules  to  albw  each 
case  to  be  addressed  on  its  merits.  There  vraukf  seem 
to  be  little  benefit  in  positioning  the  splitters  at  the 
exchange  as  they  will  not  contribute  to  reduced  fibre 
in  the  network.  We  are  therefore  ieft  with  a  choice 
of  distributed  split  at  the  primary  and  secondary 
nodes,  or  single  location  in  either  of  these  positions. 
These  choices  can  be  met  with  a  limited  range  of 
splitter  sizes  and  this  should  be  the  aim,  In  order  to 
gain  cost  benefit  from  voiume  purchase. 

Spiitfer  technology  has  advanced  in  recent  years  and 
mass  production  techniques  are  beginning  to  reduce 
the  price  of  fused  fibre  devices,  however,  the 
complex  and  intricate  handling  required  to  assemble 
these  products  will  always  tend  to  be  costly.  New 
techniques  are  being  developed  worldwide  to  produce 
planar  light-wave  circuits,  by  depositing  silica  glass 
waveguides  on  or  in  silicon  substrates.  This 
technology  promises  to  provide  integrated  planar 
splitter  arrays  at  an  economic  price  for  large 
quantities.  They  have  a  major  advantage  in  reduced 
physical  size  over  the  fused  fibre  devices.  Figure  7 
shows  the  likely  price  trend  for  fused  and  planar 
devices. 


Figure  7.  Relative  price  /  Volume  purchase,  for 
fused  and  planar  splitters. 
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The  solid  lines  indicate  the  range  of  price  variation 
in  fused  splitters  from  1x2  to  1x8  devices,  and  the 
dotted  iines  show  the  same  range  in  planar.  It  is 
clear  that  for  quantities  of  1000+  the  1x2  planar 
devices  start  to  bo  cheaper.  This  effect  is  far  more 
marked  as  the  splitting  ratio  increases,  because  the 
fused  device  becomes  much  more  difficult  to  make, 
whereas  the  planar  price  is  only  volume  related.  It 
can  be  concluded  that  planar  devices  will  soon  be  the 
technology  of  choice. 

The  requirement  to  provide  route  diversity  dictates 
that  all  splitters  should  have  at  least  two  input  fibres 
and  therefore  complete  flexibility  can  be  achieved  by 
procuring  2x2:  2x4;  2x8  and  2x16  modules  which 
will  allow  the  32  way  split  to  be  achieved  using 
combinations  of  only  two  modules  in  single  or 
distributed  positions. 

4.  Node  Design 

The  physicai  design  of  nodes  received  considerable 
attention  in  preparation  for  the  BT,  LLOFT 
instailation  [12].  Of  particular  concern  was  the  need 
to  provide  designs  with  ease  of  use  in  mind.  Abiiity 
to  re-enter  housings  to  connect  new  customers  and  to 
allow  maintenance  testing  of  iive  fibres,  without 
introducing  transient  losses  and  transmission 
failure,  was  of  paramount  importance.  These 
requirements  are  stili  valid. 


Figure  8.  The  PON  secondary  node  used  at  Bishop's 
Stortford. 

For  LLOFT  a  simple  modular  concept  was  adopted 
using  single  circuit  splice  trays  to  limit  transient 
effects  caused  by  the  handling  of  live  fibre.  This 
faciiity  was  very  successful  and  the  design  of  new 
nodes,  to  meet  the  wider  requirements  of  the  new 
fibre  access  networks,  will  expand  the  modular 
concept  to  its  logical  conclusion.  By  providing  all 
components  and  splice  trays  in  a  similar  modular 
format,  and  by  providing  a  range  of  re-enterable 
housings  of  various  suitable  sizes,  any  combination 
of  PON  designs  and  point  to  point  fibre  paths  can  be 
accommodated  up  to  the  physical,  modular,  capacity 
of  each  housing.  This  will  give  the  flexibility 
required  by  the  field  planners  and  benefit  from 
uniform  products  and  procedures  throughout  the 
network. 
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Figure  9.  Schematic  proposal  lor  an  expandable 
modular  node. 

The  modular  provision  required  in  a  given  node  for 
each  PON,  will  depend  on  the  split  ratio  at  that  point 
in  the  network.  An  expandable  concept  with  add-on 
modules  and  a  range  of  dome  closures  could  cope  with 
the  individual  needs  and  expansion  requirements  for 
both  primary  and  secondary  nodes.  For  instance, 
consider  a  simplex  PON  with  a  distributed  split  of 
2x4  at  the  primary  node  and  2x8  at  each  of  the 
resulting  four  secondary  nodes.  For  that  PON,  the 
primary  node  wiil  require  a  main  and  standby  circuit 
on  the  primary  ring  (four  fibres),  and  two  2x4 
splitter  modules.  Hence,  two  single  circuit  splice 
trays  for  the  'input'  legs  of  the  splitter  and  four 
single  circuit  trays  for  the  'output'  legs  are  needed. 
Assuming  planar  splitters,  then  the  splitter  modules 
will  be  no  thicker  than  the  splice  trays  and  the  total 
requirement  in  the  node  will  be  equivalent  to  eight 
trays.  Similarly,  In  the  secondary  node  a  i2  tray 
capacity  would  be  required  to  provision  this  PON. 

It  will  be  normal  for  primary  nodes  to  have  several 
PONS  radiating  from  their  geographical  position  in 
the  network  and  also  some  point-to-point  fibre 
circuits  spliced  out  of  the  ring.  Secondary  nodes  will 
generally  be  smaller  than  primary  nodes,  as  the 
fibre  density  reduces  at  the  outskirts  of  the  network. 
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If  we  consider  a  ‘five  PON'  simplex  primary  node 
with  a  2x4  split  on  each  PON,  and  additionally,  with 
five  main  and  five  standby  point-to-point  simplex 
circuits;  then  the  total  modular  capacity  requirement 
for  that  node  wilt  be  equivatent  to  50  single  circuit 
splice  trays.  If  a  higher  levet  of  split  was  used  at 
this  point  in  each  PON,  say  2x8,  then  assuming  the 
same  point-to-point  provision,  the  modular  capacity 
requirement  would  increase  to  70  trays.  It  is 
feasible  to  consider  coping  with  such  a  range  of 
primary  and  secondary  node  sizes  in  an  underground 
dome  ended  closure. 

In  the  access  network  the  primary  cable  ring  will 
contain  many  fibres  and  therefore  primary  nodes 
will  also  be  required  to  allow  fibres  on  the  ring  to 
pass  iirough,  without  the  need  to  cut  and  splice.  BT 
uses  primary  cable  of  a  96  fibre  loose  tube  design 
and  in  the  above  example,  20  fibres  from  the  ring 
(giving  20  main  +  20  standby)  witi  be  cut  and 
spliced  into  the  node  and  76  will  pass  through.  A  96 
fibre  ring  has  capacity  for  five  such  nodes, 
approximately,  but  In  some  instances  a  larger  node 
may  be  needed.  Therefore  both  cabinet  and 
underground  versions  will  be  provisioned,  and  as  it 
is  considered  unwise  to  mix  fibre  and  copper 
technologies  in  the  same  enclosure,  new  cabinets  will 
be  provided  at  PCP  positions.  However  in  many 
instances,  it  is  likely  that  the  high  capacity  benefit  of 
optical  plant,  will  enable  underground  primary  nodes 
to  replace,  or  compliment,  the  existing  copper 
network  cabinets.  The  ‘five  PON‘  node  considered 
above  will  have  >1000  line  capacity,  which  is 
greater  than  the  average  copper  PCP.  The  aesthetic 
and  security  benefits  of  putting  plant  underground 
are  obvious  and  this  should  be  the  preferred  solution 
where  ever  possible. 

5.  Conclusions 

Optical  cables  have  been  installed  in  BT  trunk 
networks  for  about  15  years  and  more  recently  have 
been  used  in  single  star  passive  access  networks  to 
provide  telephony  service  to  large  business 
customers.  This  paper  has  described  methods  and 
topographies  that  would  enable  these  star  networks  to 
be  converted  to  primary  ring  architectures.  It  has 
been  shown  how  these  architectures  could  support 
universal  nodes  with  optical  splitter  technology  and 
diverse  routing,  and  alternatives  for  diverse  routing 
in  the  secondary  network  have  been  suggested.  It  Is 
argued  that  these  changes,  would  provide  highly 
resilient  shared  access  Infrastructures,  would  allow 
live  fibre  operations  and  maintenance  to  occur  and 
would  enable  cost  effective  telephony  to  be  provided 
to  small/medium  business  customers. 

The  effect  of  different  transmission  techniques  on  the 
specification  of  passive  optical  splitters  has  been 
discussed  and  the  cost  implications  of  recent 
developments  In  the  technology  for  manufacturing 
optical  splitter  arrays  has  been  presented.  It  Is 
concluded  that  planar  arrays  will  become  the 
components  rf  choice  when  large  scale  purchase 
occurs. 


The  LLOFT  exercise  at  Bishops  Stortford 
demonstrated  that  it  was  possible  to  deploy  optical 
plant  to  meet  the  requirements  of  a  fibre  based 
infrastructure  in  the  Access  Network.  Building  upon 
that  success  and  with  the  improvements  in  technoiogy 
that  have  taken  place  In  the  intervening  time,  BT  is 
to  roil  out  passive  optical  networks  to  provide 
sen/ice  to  the  business  sector  for  customes  of  5  iine 
capacity  or  greater. 

Finally  the  concept  of  a  universal,  expandable, 
modular  access  node  has  been  proposed  and  issues 
related  to  its  design,  operation  and  use,  have  been 
discussed.  It  is  concluded  that  underground  nodes  are 
to  be  preferred. 
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Summary 

All-dielectric,  self-supporting,  optical 
cables  installed  on  power  transmission 
lines  can  suffer  from  sheath  damage, 
caused  by  dry-band  arcing  induced  by  elec¬ 
trical  coupling  with  the  power  circuits. 
There  is  a  lack  of  data  from  actual  in¬ 
stallations  on  the  duration,  frequency  and 
magnitudes  of  these  low-current  arcs. 
This  information  is  necessary  for  the 
evaluation  of  accelerated  testing  regimes. 
This  paper  reports  results  of  a  trial 
mounted  in  Scotland  to  monitor  such 
events . 


Introduction 

All-dielectric,  self-supporting  (ADSS), 
optical  cables  offer  the  dual  advantages 
that  they  can  be  mounted  on  existing  over¬ 
head  line  supports  and  that  their  flexible 
non-metallic  construction  and  light  weight 
allows  installation  on  spans  of  up  to  500 
m  without  the  requirement  for  a  power 
system  outage.  Self-supporting  cable  is 
totally  separate  from  the  power  system  and 
this  allows  work  on  either  systim  without 
affecting  the  other. 

Ranges  of  fittings  to  attach  cables  to  the 
supports  are  well  developed  and  consist  of 
preformed  liners  and  dead-end  grips,  sus¬ 
pension  clamps,  sag-adjusters  and  vibra¬ 
tion  dampers.  Tensile  tests  on  ADSS 
cables  have  shown  that  ultimate  tensile 
strengths  in  the  region  of  80  kN  are 
achievable.  Cable  installations  are 
arranged  so  that  under  worst  case  condi¬ 
tions  the  load  will  n^-  exceed  25  kN,  to 
prevent  overload  of  le  support  struc¬ 
tures  . 

ADSS  optical  cables  have  to  date  performed 
well  on  lines  operating  up  to  150  kV. 
The  ease  of  installation  and  operation  has 
allowed  electrical  utilities  to  set  up 
high  capacity  optical  transmission  net¬ 
works  for  private  operational  use,  and 
more  recently  in  the  UK  to  begin  to  pro¬ 
vide  utility  based  public  telecommunica¬ 
tions  services. 


In  the  UK,  the  performance  of  ADSS  cable 
sheath  materials  on  lines  where  the  system 
voltage  is  above  150  kV  is  still  the  sub¬ 
ject  of  development.  The  aim  is  *-0  prove 
materials  which  are  resistant  to  electri¬ 
cal  degradation  at  these  higher  voltages. 

It  is  possible  to  mount  a  cable  on  a  UK, 
double- circuit ,  400  kV  line  at  a  point  of 
minimum  electrical  induction,  where  we  can 
be  sure  that  during  double-circuit  working 
no  electrical  degradation  will  occur. 
However,  should  the  line  then  be  operated 
with  one  of  these  circuits  switched  out, 
the  threat  of  degradation  will  return. 
This  is  the  remaining  area  where  further 
information  is  required.  The  present 
paper  discusses  progress  in  this  investi¬ 
gation. 

Background 

ADSS  optical  cables  began  to  be  installed 
on  overhead  power  lines  in  around  1979. 
These  early  cables  were  mostly  used  on  110 
kV  lines  in  Europe,  and  have  performed 
satisfactorily  ever  since.  A  few  years 
later,  reports  began  to  be  received  of 
sheath  degradation,  apparently  caused  by 
electrical  phenomena,  on  ADSS  cables  which 
had  been  installed  on  higher  voltage  power 
transmission  lines.  Various  laboratory 
experiments  and  field  trials  subsequently 
Indicated  that  this  sheath  degradation  was 
being  caused  by  dry-band  arcing,  a  well 
known  phenomenon  in  the  field  of  high- 
voltage,  outdoor  insulation.'  ^  ^ 

It  has  been  shown  recently  that  there 
exists  a  threshold  product  of  induced 
voltage  and  earth- leakage  current  below 
which  stable  dry-band  arcing  does  not 
occur.''  This  may  explain  why  degradation 
has  rarely,  if  ever,  been  encountered  on 
lines  whose  system  voltage  is  below  150 
kV,  and  why  lines  which  are  subject  to 
marine  pollution  have  been  more  prone  to 
sheath  degradation  than  those  which  are 
not . 

In  1987,  STC  (now  Pirelli)  and  the  CEGB 
(now  NGC)  mounted  a  trial  of  ADSS  cable  on 
a  double-circuit,  400  kV  line  at  Fawley  on 
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the  south  coast  of  England.  The  cable 
was  lowered  for  examination  every  few 
months.  It  performed  well  for  two  and  a 
half  years  with  no  sign  of  damage,  but 
before  the  end  of  the  third  year  had  suf¬ 
fered  severe  sheath  degradation. 

Independently,  a  year  or  so  later  TCL  and 
the  SSEB  (now  Scottish  Power)  mounted  a 
similar  trial,  also  on  a  double-circuit, 
400  kV  line,  at  Hunterston  on  the  west 
coast  of  Scotland.  This  cable  suffered 
sheath  degradation  within  a  matter  of 
months.  Subsequent  calculation  showed 
that  whereas  the  cable  at  Fawley  had  expe¬ 
rienced  a  maximum  induced  voltage  of 
around  25  kV,  that  on  the  failed  sections 
at  Hunterston  had  been  more  than  double 
this . 


As  knowledge  of  the  degradation  mechanism 
increased,  so  various  testing  regimes  were 
developed  for  evaluating  the  degradation 
resistance  of  candidate  sheath  materials.* 
®  '  Modern  sheath  materials  are  very 
much  better  able  to  withstand  arcing  than 
those  used  in  the  early  trials.  However, 
there  has  been  a  lack  of  data  on  the  actu¬ 
al  conditions  that  a  typical  cable  instal¬ 
lation  might  experience  in  the  field, 
making  it  difficult  to  know  how  represen¬ 
tative  the  various  testing  regimes  are. 


It  was  decided  that  all  four  parties  par¬ 
ticipating  in  the  earlier  trials  would 
pool  thei-r  resources  to  mount  new  trials 
at  Hunterston  with  the  aim  of  gathering 
the  necessary  information.  Hunterston 

was  chosen  for  its  harsh  electrical  condi 
tions,  its  wet  and  windy,  marine  climate 


and  position  exposed  to  prevailing  winds 
from  the  sea. 

The  cables 

Both  cables  are  designed  to  meet  the 
stringent  requirements  cf  the  Electricity 
Supply  Industry  as  efficient  telecommuni¬ 
cations  media  for  the  transmission  of  data 
for  supervisory,  maintenance,  control  and 
telephony  purposes.  Both  cables  employ 
glass  reinforced  plastic  strength  /nembers . 
The  Pirelli  design  carries  fibre  ribbons 
in  a  single  slotted  cylindrical  strength 
member,  while  the  TCL  design  carries  fi¬ 
bres  in  loose  tubes  placed  in  the  inter¬ 
stices  between  four  cylindrical  strength 
members . *  ’ 
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The  cables  are  installed  by  conventional 
tension- stringing  techniques  with  light¬ 
weight  equipment  developed  from  existing 
installation  plant.  This  minimises  dam¬ 
age  to  land  beneath  the  power  line  and 
inconvenience  to  the  general  public. 
There  is  no  need  to  de-energise  the  power 
circuits . 

Tension  and  suspension  fittings,  based  on 
conventional  preformed  fittings,  have  been 
developed  which  are  designed  to  provide  a 
safety  factor  of  at  least  two.  Vibration 
control  devices  such  as  spiral  vibration 
dampers  and  modified  storkbridge  dampers 
effectively  control  aeolian  vibration. 

Installat i.o n .  ajid  monitoring 

Four,  three-phase,  400  kV  circuits  are 
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lead  away  from  Hunterston  Power  Station  on 
two,  double-circuit,  overhead  lines,  each 
with  the  same  relative  phasing  pattern 
(RYB,  RBY).  Two  spans  of  Pirelli  and 
three  spans  of  TCL  ADSS  cable  were  strung, 
one  on  each  of  the  two  lines  in  the  spring 
of  1990.  Figures  1  and  2  show  induced- 
voltage,  contour  plots  for  the  lines  at 
Hunterston,  with  both  circuits  live  and 
with  one  circuit  live  and  the  other 
earthed.'*  Voltage  levels  are  expressed 
as  a  percentage  of  the  phase  to  ground 
voltage,  so  that  for  instance  10  %  on  a 
400  kV  line  would  represent  23.1  kV  (0.1  x 
400//3) . 

When  both  circuits  are  live  there  is, 
because  of  the  relative  phasing  of  the  two 
circuits,  a  position  of  minimum  induced 
voltage,  marked  N.  When  the  cables  were 
first  installed,  the  end  of  each  cable  was 
attached  to  the  terminal  tower  at  or  near 
this  calculated  position. 

Monitoring  equipment  was  set  up  which 
recorded  the  output  from  a  weather  station 
on  the  roof  of  the  nearby  indoor  sub-sta¬ 
tion,  and  the  earth- leakage  current  flow¬ 
ing  from  each  of  the  two  cables  at  the 
terminal  towers.  Data  logging  equip¬ 
ment,  located  in  the  telecommunications 
room  within  the  sub-station,  was  connected 
to  the  towers,  several  hundred  metres 
distant,  with  buried  coaxial  cables  and  to 
the  weather  station  by  a  multiple-pair 
cable.  Data  collected  throughout  the  day 
is  stored  for  later  transmission  to  the 
National  Grid  Laboratories  via  a  modem  and 
the  public  telephone  network. 

The  monitoring  of  the  weather  parameters 
is  by  conventional  instruments,  but  the 
earth- leakage  current  monitoring  deserves 
a  few  words  of  explanation.  On  each 
cable  a  dummy  of  the  mouth  of  the  dead-end 
fitting  has  been  constructed,  and  placed 
about  20  cm  beyond  the  actual  dead-end 
mouth.  This  20  cm  of  cable  has  been 
heavily  greased  to  maximise  the  resistance 
of  the  alternative  path  to  earth.  The 
inner  of  the  coaxial  cable  is  then  con¬ 
nected  to  the  dummy  dead-end  on  the  cable 
and  its  other  end  earthed  throvigh  a  10  5! 
measuring  resistor  at  the  data  logger. 
In  the  interests  of  safety  the  measurement 
resistor,  protected  by  gas  discharge 
tubes,  is  housed  in  a  sealed  box  to  which 
access  can  only  be  gained  when  the  signal 
lead  is  earthed. 

The  monitored  parameters  are:  Wind  speed, 
wind  direction,  temperature,  relative 
humidity,  rainfall  rate,  specific  resist¬ 
ance  of  cable  samples  and  of  a  similarly 
sized  glass  rod  and  finally  filtered  and 
unfiltered  earth- leakage  current  from  each 
of  the  cables.  The  filtered  earth- leak¬ 
age  currents  have  been  conditioned  by  a  50 
Hz  notch  filter.  They  give  a  measure  of 


the  quantity  of  the  higher  frequency  com¬ 
ponents  of  the  current,  only  present  dur¬ 
ing  arcing  activity,  and  thus  provide  a 
measure  of  the  periods  during  which  arcing 
had  been  taking  place. 

Results 

When  new,  both  cables  were  very  hydropho¬ 
bic,  so  that  when  wetted,  water  formed 
discrete  droplets  rather  than  a  film.  As 
they  aged  this  hydrophobicity  was  gradual¬ 
ly  lost,  until  after  they  had  been  in 
service  for  about  a  year  they  were  fully 
wettable.  As  has  been  mentioned,  the 

cables  were  originally  installed  in  posi¬ 
tions  of  minimum  induced  voltage,  and 
remained  in  that  position  for  about  eight¬ 
een  months.  During  this  period  earth- 
leakage  currents  never  exceeded  10  pA,  the 
discrimination  level  of  the  monitoring 
system.  This  result  tends  to  validate 

the  calculation  which  pinpointed  the  posi¬ 
tion  of  minimum  induced  voltage. 

Hunterston  is  a  nuclear  power  station  and 
so  the  circuits  carrying  its  output  are 
rarely  switched  out.  In  order  to  simu¬ 
late  the  conditions  which  would  be  experi¬ 
enced  during  single- circuit  working,  the 
monitored  end  of  the  terminal  span  of  each 
of  the  two  cables  was  lowered  into  a  posi¬ 
tion  of  higher  induced  voltage.  All  the 
results  discussed  below  relate  to  this  new 
positioning . 

It  can  be  shown  theoretically  that  the 
earth  leakage- current  is  given  by: 

I  =  (2V^J^/R)0-5  ...(1) 

where  is  the  induced  voltage  on  an 

insulating  cable,  J  is  the  charging  cur¬ 
rent  per  unit  length  to  an  earthed  con¬ 
ducting  cable  and  R  is  the  resistance  per 
unit  length  of  the  wet  polluted  cable. ^ 
The  first  two  of  these  parameters  will 
vary  little  for  a  given  cable  installa¬ 
tion.  Calculated  values  for  this  instal¬ 
lation  are  around  25  kV  and  6.25  x  10' 
A/m,  depending  a  little  on  weather  condi¬ 
tions  which  will  cause  small  variations  in 
the  relative  positions  of  cable  and  phase 
conductors.  Only  R  will  change  dramat¬ 

ically  with  time. 

When  the  cable  is  dry,  R  will  be  very  high 
and  virtually  no  current  will  flow.  The 
results  confirm  this,  currents  are  only 
seen  either  after  rainfall  or  when  the 
relative  humidity  approaches  100  2,  when 
we  might  expect  condensation  on  the  cable 
from  fog  or  dew. 

When  the  cable  is  wet,  R  will  be  deter¬ 
mined  by  the  concentration  of  pollutants 
dissolved  in  the  moisture.  Again  the 

results  confirm  this,  significant  earth 
leakage  currents  are  only  seen  after  very 
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gentle  rain  or  when  condensation  might 
have  been  expected.  Heavier  rain  presum¬ 
ably  washes  off  the  salt,  the  main  con¬ 
ducting  pollutant  at  the  site  of  this 
trial . 

Significant  earth- leakage  currents  do  not 
always  flow  when  the  moisture  levels  are 
favourably  low,  but  only  when  there  is 
also  enough  salt  pollution  present.  We 
might  have  expected  that  this  would  have 
occurred  after  winds  had  been  blowing  from 
the  sea,  but  the  data  is  inconclusive  on 
this  point. 

The  best  correlation,  although  by  no  means 
perfect,  is  between  the  earth- leakage 
currents  from  the  two  cables.  There  is 
also  good  correlation,  although  less  good 
than  that  between  the  currents  from  the 
two  cables,  between  earth- leakage  current 
and  the  specific  resistance  of  the  cable 
samples  on  the  roof  of  the  sub-station. 


measurements  being  made. 

Discussion 

World  experience  to  date  appears  to  indi¬ 
cate  that  damage  only  occurs  when  induced 
voltages  are  in  excess  of  10  to  20  kV. 
Theoretical  studies  have  yielded  a  plausi¬ 
ble  explanation  for  this.^ 

The  same  studies  have  also  added  the 
knowledge  that ,  not  only  must  the  induced 
voltage  be  above  a  certain  level,  but  the 
resistance  per  unit  length  must  also  below 
a  threshold  value  before  stable  dry-band 
arcing  is  possible.  The  fact  that  in 
this  monitoring  exercise,  dry-band  arcing 
did  not  occur  when  currents  were  less  than 
300  pA  tends  to  confirm  this  view.  We 
have  also  seen  that  by  judicious  position¬ 
ing  of  the  optical  cable  on  the  structure 
it  is  possible  to  minimise  the  induced 
voltage . 


The  inference  is  that  salt  deposition  can 
vary  locally.  To  put  these  results  in 
perspective  numerically,  leakage  currents 
have  rarely  exceeded  1  mA  and  the  resist¬ 
ance  per  unit  length  of  the  cable  samples 
has  rarely  been  less  than  1  M£2/m,  values 
which  match  very  well  with  calculations 
based  on  equation  (1). 
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Figure  3  Earth- leakage  currents 
for  February  1992 


Arcing  activity  occurs,  as  might  be  ex¬ 
pected,  towards  the  end  of  the  periods 
when  leakage  currents  have  been  flowing. 
It  is  observed  that  arcing  is  generally 
limited  to  occasions  when  the  leakage 
current  has  exceeded  300  pH,  which  is  in 
line  with  the  theoretical  understanding.'^ 
Before  this  monitoring  exercise,  it  had 
been  thought  that  arcing  activity  might 
occur  towards  the  end  of  every  rain  event. 
We  can  now  see  that,  for  reasons  which  had 
not  previously  been  appreciated,  arcing 
occurs  much  less  often  than  had  been  ex¬ 
pected.  Figure  3  shows  the  leakage  cur¬ 
rent  pattern  for  one  of  the  cables  for 
February  1992;  the  filtered  trace  is 
displaced  upwards  for  clarity.  Although 
it  is  not  easy  to  see  on  this  black  and 
white  trace,  there  were  just  three  bursts 
of  arcing  activity  in  this  period,  on  days 
38,  55  and  60.  This  is  typical  of  the 


Taken  together,  these  facts  indicate  that 
with  proper  care  most  installations  away 
from  areas  of  conducting  pollution  will 
never  experience  stable  dry-band  arcing  or 
the  risk  of  sheath  damage.  For  that 
minority  of  installations  where  the  possi¬ 
bility  of  arcing  is  high,  then  the  cable 
must  be  shown  to  be  proof  against  it. 
The  magnitude  of  earth- leakage  currents 
and  the  frequency  of  arcing  incidents  will 
obviously  be  dependant  on  location. 
However,  the  findings  of  this  study  should 
be  of  use  in  devising  realistic  test  re¬ 
gimes  . 

Conclusions 

A  trial  has  been  set  up  to  monitor  weather 
and  earth- leakage  current  parameters  on  an 
ADSS  cable  strung  on  a  400  kV,  double¬ 
circuit,  power- line.  The  site  of  the 
trial  and  the  type  of  line  used  presents  a 
particularly  severe  threat  of  electrical 
damage.  To  date,  both  cables  have  re¬ 
mained  undamaged. 

The  experimental  results  have  supported 
the  techniques  used  to  calculate  electri¬ 
cal  threat  parameters.  The  existence  of 
positions  of  minimum  induced  voltage  on 
certain  lines  has  been  verified.  The 
frequency  of  dry-band  arcing  activity  has 
been  shown  to  be  considerably  less  than 
had  previously  been  assumed. 
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ABSTRACT 

Cable  tension  models  representing  cable  tension 
during  and  after  hauling  are  first  established,  followed 
by  mathematical  expression  of  optical  fibre  strain 
functions  for  practical  installations  of  various  cable 
designs.  The  optical  fibre  strain  as  a  function  of  time 
and  installed  length  is  converted  to  the  equivalent 
strain,  from  which  the  reliability  of  installed  optical 
fibres  can  be  determined.  Based  upon  this  method  the 
maximum  allowable  cable  hauling  tension  can  be 
defined  precisely  and  maximised  to  facilitate  cost- 
effective  cable  design,  efficient  installation  and  high 
reliability.  Optical  fibre  strains  and  cable  hauling 
tensions  were  measured  in  the  field. 


1.  INTRODUCTION 

The  link  between  the  reliability  of  fibre  installed  in 
underground  ducts  and  the  hauling  tension  during 
installation  has  been  far  from  being  well-defined. 
The  lack  of  a  physical  model  or  mathematical  analysis 
on  the  effect  of  time  and  length  dependent  tension  on 
the  fibre  reliability  has  led  to  two  extreme  views. 
One  view  allows  the  cable  to  be  hauled  at  a  tension 
that  does  not  break  the  optical  fibres  during 
installation.  This  approach  neglects  the  long-term 
effects  caused  by  residual  strain,  and  consequently 
premature  fibre  breaks  may  occur  in  the  future.  The 
other  more  conservative  view  takes  the  worst  case 
optical  fibre  strain  during  installation  as  a  long-term 
constant  strain,  which  limits  the  maximum  allowable 
hauling  tension  of  the  cable.  The  latter  approach 
under-utilises  the  optical  fibre  strength  and  results  in 
the  less  efficient  use  of  cable  materials  and  lower 


productivity  hauling  than  the  optimised  design 
approach  can  achieve.  This  paper  establishes  a 
quantitative  method  to  link  the  hauling  tension  to  the 
overall  reliability  of  the  optical  fibres  installed  in 
underground  duct. 

2.  METHODOLOGY 

The  major  issues  in  relating  the  practical  hauling 
conditions  to  the  lifetime  of  optical  fibres  installed  in 
ducts  are: 

•  How  to  model  the  time  and  length  dependent  cable 
tensions  during  and  after  hauling,  in  practical  duct 
routes  including  straight  ducts  and  bends; 

•  How  to  find  the  mathematical  expressions  for  fibre 
strains  in  cables  with  or  without  a  strain  free 
window  during  and  after  installation; 

•  How  to  convert  the  time  and  length  dependent 
fibre  strains  to  equivalent  constant  strains  in  order 
to  apply  fibre  lifetime  equations; 

•  How  to  determine  the  combined  effect  of  fibre 
strains  during  and  after  hauling  on  the  overall 
reliability. 

The  solutions  found  can  be  applied  to  maximise  the 
cable  tensile  strength  for  practical  hauling  conditions 
at  a  required  reliability.  The  cable  tensile  strengths  of 
cable  designs  with  and  without  a  strain  free  window 
are  compared.  Field  measurements  of  hauling 
tensions  and  fibre  strains  have  been  carried  out. 

J.  CABLE  HAULING  TENSION  MODELS 

Cable  hauling  tension  models  for  duct  routes  with  a 
straight  duct,  one  bend  and  two  bends  are  illustrated 
in  this  section.  Only  level  duct  will  be  discussed  in 
this  paper.  In  all  cases  the  cables  are  installed  at  the 
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CABLE  TENSION 


maximum  allowable  hauling  tension.  It  will  be  shown 
that  the  maximum  residual  cable  tension  of  a  cable 
installed  in  a  straight  duct  is  greater  than  or  equal  to 
that  of  cables  intalled  in  ducts  with  one  bend  and  two 
bends. 


.LJ _ Straight  duct 

The  maximum  hauling  tension  F  in  a  straight  duct  is 
given  by: 

F  =  \ymgL  (3.1) 

where  is  coefficient  of  friction  of  hauling, 
m  is  cable  mass  per  unit  length, 
g  is  gravitational  acceleration  and 
L  is  the  maximum  cable  length  that  can  be  installed  in 
a  straight  duct  at  the  maximum  hauling  tension. 

The  hauling  tension  is  proportional  to  installed  length. 
AJso  the  tension  is  time  dependent  at  a  given  position 
of  the  cable  as  the  hauling  operation  progresses. 
After  hauling,  the  cable  at  the  hauling  winch  end 
retracts  into  the  duct  as  if  the  cable  were  being  hauled 
from  the  opposite  direction  until  an  equilibrium 
tension  distribution  is  reached.  The  maximum 
residual  cable  tension  is  half  the  maximum  hauling 
tension  at  the  mid-point  of  the  duct  route. 

Fig. la  shows  the  cable  hauling  tension  in  a  straight 
duct  as  a  function  of  cable  length  x.  The  maximum 
installed  cable  length  is  L. 

Fig.lb-e  show  the  strains  at  various  locations  during 
and  after  the  hauling  duration  T.  The  strain  is  both 
time-variant  and  length-dependent  during  installation 
and  becomes  time-invariant  and  length-dependent 
after  installation. 


(a) 


LENGTO 


TIME 


TIME 


TIME 

TIME 


Fig.  1  Cable  tension  in  a  straight  duct 
3.2  Duct  with  one  bend 

Figs.2  &  3  depict  the  cable  tension  of  a  duct  route 
containing  a  bend.  A  bend  is  defined  by  the  angle  of 
bend  determined  by  the  ratio  of  the  arc  length  and  the 
bend  radius.  (Ref.  Fig.2).  The  maximum  installed 
length  in  a  duct  with  a  bend  is  shorter  than  L  as  the 
bend  requires  extra  hauling  tension.  The  maximum 
hauling  tension  F  in  a  duct  with  a  bend  is  given  byl*!: 

F  =  +  L2)  (3.2) 

where  L,  and  L2  is  the  straight  length  of  the  first  and 
second  straight  duct  forming  an  angle  0,  and 
0  is  the  angle  of  bend  of  a  duct  route  (s=r0  where  s  is 
the  arc  length  and  r  is  the  radius  of  the  bend). 

The  example  in  Fig.2  shows  that  the  maximum 
residual  tension  in  this  case  is  half  the  maximum 
hauling  tension,  being  exactly  the  same  as  in  the  case 
of  a  straight  duct. 
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CABLE  ROUTE 
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Fig. 2  Cable  tension  in  a  duct  with  one  bend 

It  is  not  apparent  from  the  example  in  Fig.3  what  the 
maximum  residual  tension  would  be  at  the  bend. 
Therefore,  a  significant  outcome  of  this  analysis  is 
that  it  can  be  proved  that  the  maximum  residual  cable 
tension  is  always  no  greater  than  half  the  maximum 
hauling  tension:- 

01+02=6  (3.3) 

where  0  is  the  angle  of  bend  and  0i  is  the  angle 
between  the  start  of  the  bend  from  the  Li  side  to  the 
point  of  the  maximum  residual  tension  at  the  bend  and 
02  is  the  angle  from  that  point  to  the  end  of  the  bend 
on  the  L2  side. 

At  the  equilibrium  of  the  tension  distibution,  the 
maximum  residual  tension  at  the  bend  is  given  by: 

F{  =  \mgL\e^^^  =  F2  =  \ymgL2e^^^  (3.4) 


Insert  Eq.3.5  into  Eq.3.4,  the  maximum  residual  cable 
tension  at  the  bend  is  given  by: 

Z.2  ‘^2 

Fi  =  \3img  — )  (3.6) 

Li 

From  Eq.3.2,  half  the  maximum  hauling  tension  in  the 
case  of  a  cable  installed  in  a  straight  duct  is  given  by: 

^  =  p/ng  Li(^eMe  +  i^)  (3.7) 

Let  ef*®=o,  L2/Li=fe,  \imgLi=c,  then 

(-)^  -  =  ch-(a  +  b)^  -  ab]  =  f^[-(a  -  6)^  i  >  0 

2  4  4 

F 

Therefore,  —  >  Fl . 

2 

CABLE  ROUTE 


a.  SL  L 

8  8 

CABLE  LENGTH 


Fig.3  Cable  tension  in  a  duct  with  one  bend 

For  the  example  in  Fig.3,  L2/Li=2/3  and  eMe=2,  so 
F/2=L333  \ymgL\.  Fi=L155  \ymgLi^  so  Fi=0.43F. 


Solving  Eqs.3.3  &  3.4, 

0,  =  i(0-lin^) 
2  p  L2 


This  result  confirms  the  fuiding  that  F/2^i 
Therefore  a  simple  and  conservative  approach  would 
be  to  analyse  the  maximum  residual  cable  tension  in 
the  duct  with  a  bend  by  using  the  straight  model. 
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3.3  Duct  with  two  bends 

Figs.4  &  5  depict  the  cable  tension  installed  in  a  duct 
containing  two  bends.  The  method  described  in 
Section  3.2  can  be  applied  to  calculate  the  maximum 
residual  tension  at  the  bend.  It  was  calculated  that  the 
maximum  residual  hauling  tension  at  the  bend  is  34% 
and  43%  of  the  maximum  hauling  tension  for  the 
example  in  Fig.4  and  Fig.5  respectively.  In  both 
cases  the  maximum  residual  tension  is  less  than  half 
the  maximum  hauling  tension. 


CABLE 
ROUTE  ^ 


CABLE  LENGTH 

Fig.4  Cable  tension  in  a  duct  with  two  bends 


4.  FIBRE  STRAIN  FUNCTION  AND 
EQUIVALENT  FIBRE  STRAIN 

Since  cable  strain  is  proportional  to  cable  tension  for 
cables  with  a  linear  cable  tension  to  cable  strain 
relationship,  the  findings  with  regard  to  cable  tension 
for  such  cables  is  also  applicable  to  cable  strain.  The 
vertical  axis  of  Figs  1,2,3,4&5  can  be  either  cable 
tension  or  cable  strain  with  a  lineia  cable  tension- 
cable  strain  relationship.  The  maximum  cable  strain 
Ec  corresponds  to  the  maximum  cable  tension  F. 

The  fibre  strain  as  a  function  of  time  and  distance  can 
be  converted  to  an  effective  constant  strain  by  Eq.4. 1 
for  the  purpose  of  optical  fibre  lifetime  calculationl^l: 
iL  iT 

Eeq  =  (  £  J  [  J  E"(t,x)  dt  Jb  dx  }  (4. 1 ) 

0  0 

where  Eeq  is  the  equivalent  strain  for  the  duration  T  of 
installation, 

L  is  the  installed  length  at  the  maximum  hauling 
tension, 

E(x,t)  is  the  strain  as  a  function  of  time  and  length, 
np  is  stress  corrosion  factor  in  the  environment  of 
proof  lest  (room  condition), 
b=(np-2)/(n-2)  and 

n  is  stress  corrosion  factor  of  the  installation 
environment. 


CABLE 


4  2 


Fig.5  Cable  tension  in  a  duct  with  two  bends 


Cable  designs  can  be  classified  into  tight  construction 
and  loose  construction.  There  is  little  or  no  fibre 
strain  free  window  in  the  case  of  tight  construction. 
Fibre  strain  increases  with  the  cable  strain  for  fibres  in 
the  tight  cable  construction.  The  loose  construction 
provides  some  degree  of  decoupling  between  cable 
strain  and  fibre  strain.  Both  types  of  cable  design  will 
discussed  in  the  following  sections. 

4.1  Strai2htduct 

4.1.1  Optical  fibre  strain  during  installation 

i).  The  optical  fibre  strain  for  a  tight  construction 
cable  during  installation  is  the  same  as  the  cable  strain 
depicted  in  Fig.  1  and  is  given  by: 

E(x.t)  =  %  [t-(l-f)T]u[t-(l--)Tl  (4.2) 

T  L  L 
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where  Eq  is  the  maximum  fibre  strain  at  x=L  and  t=T, 
u[t  -  ( 1  -  x/L)TJ  is  the  step  function,  t^] 

Inserting  Eq.4.2  into  Eq.4.1,  the  equivalent  fibre 
strain  for  a  tight  construction  cable  during  hauling  is: 

"  [(n  +  lXn  +  2)J^'" 


The  equivalent  strain  of  a  tight  construction  cable 
during  hauling  is  76%  of  the  maximum  fibre  strain  if 
n=np=23. 

ii)  The  optical  fibre  strain  of  a  loose  construction 
cable  during  hauling  shown  in  Fig.6  is  given  by: 

E(x,t)  =  ^  [t-(l-^)T]u[t-(l-^)T  (4.4) 

T  L  L 

Ef 

where  a  =  - L  and 

Eo  +  Ej- 

Ef  is  the  strain  free  window. 


Insert  Eq.4.4  into  Eq.4.1,  the  equivalent  fibre  strain  of 
a  loose  construction  cable  during  hauling  becomes: 


E  E 

"  [(n  +  l)(n  +  2)f“  ^E„  +  E| 


n+^ 
-)  " 


(4.5) 


The  equivalent  fibre  strain  during  hauling  a  loose 
construction  cable  with  Ep=0.3%  is  52%  of  the 
maximum  fibre  strain  if  n=23  and  Eo=0.73%. 


STRAIN 


CABLE  LENGTH 


Fig.6  Optical  fibre  strain  (loose  construction  cable) 


4.1.2  Optical  fibre  strain  after  installation 

The  cable  strain  function  is  depicted  in  Fig. la  and  is 
given  by: 

E(x,t)  =  E(x)  =  Eo  xA-  when  x<L/2  (4.6) 

The  strain  curve  for  x^/2  is  symmetrical  to  the  strain 
curve  for  x<L/2. 

i) The  optical  fibre  strain  of  a  tight  construction  cable 
after  hauling  is  the  same  as  the  cable  strain  given  by 
Eq.4.6  and  is  depicted  in  Fig.l. 

Insert  Eq.4.6  into  Eq.4.1,  the  equivalent  optical  fibre 
strain  of  a  tight  construction  cable  after  installation  is 
given  by: 

Eeq  =  —  ( — ^ whent>T  (4.7) 

2  bn  + 1 

The  equivalent  strain  is  44%  of  the  maximum  strain  if 
np=23,  n=17. 

ii)  The  optical  fibre  strain  of  a  loose  construction 
cable  after  installation  is  depicted  in  Fig.6  and  is 
given  by: 

E(x,t)  =  E(x)  =  (Ep  +  Ef)  ~*Ef,  x^/2  (4.8) 

The  strain  curve  for  x^/2  is  symmetrical  to  the  strain 
curve  for  x^/2. 

The  equivalent  strain  for  a  loose  construction  cable  is 
given  by: 

Eeq  =  [(  )  (— !— )]‘^*^,t>T  (4.9) 

2  Eo  +  Ef  bn  +  1 

The  equivalent  fibre  strain  after  hauling  a  loose 
construction  cable  with  a  strain  free  window  of  0.3% 
is  25%  of  the  maximum  fibre  strain  if  Eo=:0.73%, 
Ef=0.3%,  n=17,  np=23. 

4.1.7  Max,  fibre  strain  and  equivalent  strain 

Using  Eqs.4.3,  4.5,  4.7,  &  4.9,  equivalent  .strains  can 
now  be  determined  by  the  maximum  fibre  strain 
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during  hauling,  stress  corrosion  factors  and  fibre 
strain  free  window.  Fig.7  shows  equivalent  strain  as  a 
function  of  maximum  fibre  strain  during  and  after 
hauling  (Tl=duration  of  hauling),  given  a  proof  strain 
of  1%  and  a  strain  free  window  of  0  or  0.3%.  The 
constant  equivalent  strains  will  be  used  to  determine 
fibre  reliability  in  Section  5. 


4.2  Duct  with  one  and  two  bends 


It  has  been  proven  in  Section  3  that  the  maximum 
residual  cable  tension/strain  of  a  cable  installed  in  a 
duct  with  one  or  two  bends  is  no  greater  than  that  of  a 
cable  installed  in  a  straight  duct,  and  in  Section  4  that 
for  a  given  strain  free  window  and  stress  corrosion 
factor,  the  equivalent  fibre  strain  of  a  cable  installed 
in  a  straight  duct  is  determined  by  the  maximum  fibre 
strain  during  instaMation.  It  follows  that  the 
equivalent  strain  of  a  cable  installed  in  a  duct  with 
one  or  two  bends  after  hauling  is  no  greater  than  that 
of  a  cable  installed  in  a  straight  duct. 

For  example,  in  Fig.2  the  lower  residual  cable  strain 
in  the  length  compared  with  the  case  of  a  straight 
duct  results  in  a  lower  effective  fibre  strain  over  the 
length  L],  while  the  remaining  length  of  the  cable  has 
an  effective  fibre  strain  equal  to  that  of  a  cable 
installed  in  a  straight  duct  of  length  L.  Consequently 
the  effective  fibre  strain  of  the  whole  length  is  smaller 


than  that  of  a  cable  in  a  straight  duct.  (Refer  Fig.l). 
This  means  that  the  fibre  strain  and  reliability  analysis 
for  the  case  of  a  straight  duct  can  be  conservatively 
applied  to  the  cases  of  more  complex  ducts  with 
bends. 

5.  FIBRE  RELIABILITY  AND  CABLE 
DESIGN  APPLICATIONS 

This  section  will  study  the  effect  of  maximum  fibre 
strain  on  reliability,  followed  by  examples  of  cable 
design  applications  at  a  required  reliability. 

5.1  Optical  fibre  reliability 

Eqs.  5.1  and  5.2  are  examples  of  optical  fibre 
reliability  estimation.  Eq.5.1  is  a  minimum  time-to- 
failure  lifetime  modelKl: 

ts(iiiin.)  =  Bap'^a7”  (5.1) 

where  ts(min)  is  service  life,  n  is  stress  corrosion 
factor.  Op  is  proof  stress,  as  is  service  stress,and  B  is 
a  constant  for  a  given  environment  and  material 
composition  and  geometry. 

Eq.5.2  is  a  system  length  failure  probability  lifetime 
modelf-^J: 

te=tp(|g)"|[l-^^\'^V  -1}  (5.2) 

Es  NpL 

where  tp  is  the  duration  of  proof  test,  f  is  the  failure 
probability  of  the  system  length  L,  Np  is  the  number 
of  breaks  per  unit  length  during  proof  test  and  m  is  the 
Weibull  modulus. 

Fig.8  is  an  example  of  the  system  failure  probability 
approach  if  Ep=l%,  m=10,  Np=0.05/km,  n=23  (50% 
Relative  Humidity)  or  n=17  (97%  R.H.)  and  a  failure 
probability  of  0.01  per  1000  fibre.km. 

The  method  presented  in  this  paper  is  equally 
applicable  to  Eqs.5.1  and  5.2.  and  indeed  also 
applicable  to  any  lifetime  calculation  which  requires 
the  knowledge  of  a  constant  service  strain.  Eq.5.2 
will  be  used  in  this  paper  as  Eq.5.2  uses  the  statistics 
of  fibre  strength  over  a  very  long  length  thus  more 
closely  represents  a  practical  system  length.  16.7 1 
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CONSTANT  FIBRE  STRAIN 

Fig.  8  Optical  fibre  lifetime  at  constant  fibre  strain 

Optical  fibres  are  subject  to  strain  during  and  after 
hauling.  The  design  criterion  for  reliability  is  that 
degradation  of  fibre  strength  (flaw  growth)  in  the 
duration  of  hauling  must  not  compromise  the  required 
overall  lifetime,  as  given  byt^l; 

T2  -  Ti  (^)"  >  Tmin  (5.3) 

Es 

where  Tj  is  the  duration  of  hauling, 

Eeqi  is  the  equivalent  fibre  strain  during  hauling, 

T2  is  the  fibre  lifetime  determined  by  Ee<,2,  which  is 
the  equivalent  strain  after  hauling, 

Es  is  the  constant  strain  which  would  meet  the 
required  fibre  lifetime  of  Tmin  in  the  environment 
during  hauling, 

n  is  the  stress  corrosion  factor  in  the  environment  of 
hauling  and  usually  n=np  during  hauling, 

Ti,  T2  and  Tmin  must  be  in  the  same  units. 

If  a  minimum  lifetime  of  40  years  is  required,  and 
n=np=23  at  50%  Relative  Humidity  (R.H.)  in  air 
during  hauling,  Ep=l%  ,  Np=0.05/km,  L=1000  km 
and  f=0.01  then  Es=0.28%  from  Eq.5.2.  The  duration 
of  actual  hauling  is  generally  no  greater  than  2  hours. 
After  hauling,  n=17  at  97%  R.H.  is  used  for 
calculating  T2  for  optical  fibre  cables  under  wet 
condition.  Table  5.1  shows  the  maximum  fibre  strains 


during  installation,  their  equivalent  strains  and  effect 
on  fibre  reliability  for  cables  with  strain  free  windows 
of  0  and  0.3%. 


TABLE  5.1 

MAX.  FIBRE  STRAIN  AND  RELIABILITY 

(1%  fibre  proof  strain) 


Strain 

Max. 

Equivalent 

Reduction 

Equivalent 

Lifetime  at 

Overall 

fiee 

fibre 

strain 

in  lifetime 

fibre  strain 

the 

lifetifne 

window 

strain 

during 

due  to 

after  hauling 

equiv  ateni 

(year) 

during 

hauling 

hauling 

fibre  strain 

hauling 

afeer 

(year) 

hauling 

(year) 

Ef 

Eo 

Eeql 

Eeq2 

T2 

Tmin 

0 

0.41% 

0.31% 

0.00 

0.18% 

40.11 

40.11 

0 

0.53% 

0.40% 

0.25 

0.23% 

0.60 

0.35 

0.30% 

0.73% 

0.38% 

0.07 

0.18% 

40.10 

40.03 

0.30% 

0.81% 

0.44% 

1.67 

0.22% 

2.03 

0.36 

The  first  two  examples  in  Table  5. 1  show  that  for  a 
tight  construction  cable,  a  maximum  fibre  strain 
during  hauling  of  0.41%  and  0.53%  would  have  a 
lifetime  of  40  and  0.35  years  respectively.  The  next 
two  examples  show  that  a  cable  with  a  strain  free 
window  of  0.3%,  a  maximum  fibre  strain  of  0.73% 
and  0.81%  would  result  in  40  and  0.36  years  lifetime 
respectively.  The  equivalent  strain  after  hauling 
dominates  the  long-term  lifetime  requirement.  The 
criterion  of  no  fibre  breaks  during  hauling  does  not 
guarantee  the  long-term  reliability. 

It  is  interesting  to  note  that  given  the  same  reliability 
requirement  of  40  years,  a  cable  with  a  strain  free 
window  of  0.3%  allows  a  fibre  strain  during  hauling 
of  0.73%,  compared  with  0.41%  in  the  case  of  no 
strain  free  window.  This  means  a  cable  with  a  larger 
strain  free  window  utilises  the  fibre  strength  more 
effectively  during  hauling  and  would  permit  a  much 
higher  maximum  hauling  tension. 

It  is  also  interesting  to  note  that  the  equivalent  strain 
during  hauling  is  76%  and  52%  of  the  maximum  fibre 
strain  during  hauling  for  cables  with  EpO  and 
E(=0.3%  respectively.  This  is  not  suprising  as  only  a 
small  portion  of  the  fibre  is  subject  to  the  maximum 
strain  and  only  when  the  hauling  is  close  to  finish. 
The  equivalent  strain  after  hauling  is  also  much 
smaller  than  the  maximum  strain  during  hauling:  44% 
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and  25%  of  the  maximum  strain  for  EpO  and 
EpO.3%  respectively.  This  means  that  "worst-case" 
approach  assuming  that  after  hauling  the  fibre  would 
stay  at  the  maximum  strain  is  very  conservative. 

5.2  Cable  design  applications 

Cable  tensile  strength  can  now  be  defined  on  a 
scientific  basis.  In  practice,  the  maximum  fibre  strain 
has  two  components:  a  tensile  strain  component  due 
to  hauling  and  a  non-tensile  strain  component  due  to 
fibre  stranding,  torsion  and  bending  of  the  cable 
construction.  In  addition,  there  is  a  need  for  an  error 
margin  to  "buffer"  the  sensitive  strain-  lifetime  curve. 
The  cable  strain  is  given  by: 

Ec  =  Et  +  Ef  =  Eo  -  Em  +  Ef  (5.4) 

where  E,.  is  the  cable  strain, 

Et  is  the  maximum  fibre  tensile  strain  due  to  hauhng, 
Ef  is  the  strain  free  window. 

Eo  is  the  maximum  fibre  strain  (all  inclusive)  and 
Em  is  the  fibre  non-tensile  strain  and  margin. 

Table  5.2  shows  cable  design  examples  which 
maximise  the  cable  tensile  strength  at  a  required 
reliability  of  40  years  under  wet  condition.  0.1%  is 
u.sed  for  the  non-tensile  strain  component  and  margin. 
All  the  conditions  are  the  same  as  in  Table  5.1.  A 
Glass  Reinforced  Plastic  (GRP)  rod  strength  member 
with  a  diameter  of  2.8  mm  and  Young's  modulus  of 
52GPa  is  used  in  the  examples.  It  shows  that  a  cable 
with  a  strain  free  window  of  0.3%  can  achieve  a  cable 
tensile  strength  of  3  kN  compared  with  1  kN  in  the 
case  of  no  strain  free  window.  The  tripled  cable 
tensile  strength  is  due  to  better  utilisation  of  fibre 
strength  during  hauling  and  a  greater  cable  strain 
made  possible  by  the  strain  free  window. 


TABLE  5.2 

CABLE  TENSILE  STRENGTH  DESIGN 
(1%  fibre  proof  strain,  £^,=0.1%,  2.8mm  OD  FRP) 


Strain  free 

Max.  fibre 

Max.  fibre 

Cable 

Cable 

windows 

strain 

strain  due 

tensile 

tensile 

during 

to  tensile 

strain 

strength 

hauling 

force 

Ef 

Eo 

Et 

Ec 

F 

0 

0.41% 

0.31% 

0.31% 

1.0  kN 

0.30% 

0.73% 

0.63% 

0.93% 

3.0  kN 

Fibre  lifetime  is  only  one  of  the  many  considerations 
for  the  design  of  the  cable  tensile  strength.  The  cable 
tensile  strength  is  also  subject  to  additional 
requirements  such  as  cable  crush  resistance  for 
bending  under  maximum  hauling  tension,  optical 
attenuation  limit,  yield  strength  and  breaking  strength 
of  strength  member  and  hauling  eyes,  error  sensitivity 
etc.. 

6.  FIELD  TEST  METHOD 

6.1  Test  objectives 

The  objectives  of  the  field  test  were: 

(i)  to  measure  the  cable  tension  at  the  cable  head  to 
ensure  that  the  maximum  hauling  tension  had  been 
reached; 

(ii)  to  investigate  whether  or  not  the  residual  fibre 
strain  in  a  duct  with  multiple  bends  is  less  than  the 
strain  calculated  from  the  straight  duct  model,  as  the 
residual  strain  dominates  the  long-term  fibre  lifetime 
calculation; 

(iii)  to  ascertain  that  the  fibre  strain  reaches  a  stable 
level  in  a  very  short  period  after  the  hauling  is 
stopped. 

(iv)  to  evaluate  the  improvement  of  the  cable  tensile 
strength  using  the  new  design  method. 

The  field  test  aimed  to  use  a  maximum  fibre  tensile 
strain  of  0.63%  and  a  strain  free  window  of  0.3%  as 
per  Table  5.2. 

6.2  Cable  tension  measurement 

The  pulling  force  on  the  head  of  the  optical  fibre  cable 
was  measured  with  a  commercially  available  device. 
The  measuring  system  utilises  a  measuring  transducer 
attached  to  the  hauling  eye  of  the  cable,  which  detects 
the  pulling  force  by  the  winch  rope.  The  detected 
pulling  force  is  translated  into  a  frequency  varying 
signal  which  is  transmitted,  via  the  copper  pairs 
contained  in  a  Kevlar  winch  rope,  to  the  receiving 
analyser  located  at  the  winch  truck.  With  the 
assistance  of  a  length  counter  the  instrument  is  then 
able  to  provide  a  plot  of  the  pulling  force  on  the  cable 
as  a  function  of  the  length  of  cable  hauled  in  by  the 
winch  truck. 
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6.3  Optical  fibre  strain  measurement 


CABLE  LAID 


The  fibre  strain  is  measured  using  commercially 
available  equipment  which  provides  a  real  time, 
readout  of  both  the  change  in  power  throughput  and 
optical  propagation  delay.  From  these,  attenuation 
and  fibre  optical  length  with  millimetre  resolution  are 
computed.  Generally  one  reading  per  second  is  taken 
and  displayed  as  a  function  of  time  in  graphical 
format,  providing  an  overview  of  fibre  strain  and 
attenuation.  This  can  be  observed  by  field  staff 
during  the  cable  hauling  operation  and  stored  in 
memory  for  further  analysis. 

It  is  recognised  that  methods  such  as  this  are  capable 
of  highly  accurate  measurement  of  total  optical  link 
length,  and  changes  thereof,  but  cannot  determine  the 
distribution  of  strain  along  the  length  of  the  fibre 
being  monitored. 

The  strain  measuring  equipment  uses  the  principle  of 
the  phase  shift  of  a  high  frequency  modulated  optical 
signal,  first  at  five  optical  wavelengths  for 
unambiguous  absolute  length  determination,  followed 
by  monitoring  at  one  wavelength  (selectable  as  1310 
or  1550  nm)  for  continuous  strain  recording. 

The  fibre  reflective  end  is  housed  in  a  standard  cable 
hauling  eye  (inside  diameter  1 1  mm),  thereby 
avoiding  the  need  for  an  unusually  large  hauling  eye, 
as  would  be  required  to  house  a  fibre  loop  for  the 
return  signal.  The  signal  can  be  transmitted  along  one 
particular  fibre  in  the  cable,  used  bi-directionally  with 
a  reflective  layer  of  silver  applied  directly  to  the 
cleaved  fibre  end.  19]  Since  the  launch/detect  end  of 
the  cable  needs  to  be  permanently  connected  to  the 
optical  equipment  during  the  haul,  it  is  necessary  to 
remove  the  cable  from  the  drum  and  lay  it  out  on 
ground. 

7.  FIELD  TEST  RESULT 
7.1  Field  test  route 

The  field  test  route  is  shown  in  Fig.9.  The  duct  length 
is  1.5  km.  The  cable  went  through  many  bends, 
including  a  change-of-direction  wheel  with  a  radius  of 
0.2  m  at  the  manhole  between  Sections  E  and  F. 


E  227m 


Fig.9  Field  test  route 

7.2  Cable  hauling  tension 

The  solid  line  in  Fig.  10  represents  the  measured  cable 
hauling  tension  during  the  field  test.  The  maximum 
hauling  tension  was  3.2  kN.  The  dotted  line  in 
Fig.  10  is  the  residual  tension  estimated  from  the 
measured  tension.  The  maximum  residual  cable 
tension  installed  in  a  duct  with  multiple  bends  is  no 
greater  than  half  the  maximum  hauling  tension,  as 
predicted. 


Fig.  10  Cable  hauling  tension  during  field  test 
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7.3  Optical  fibre  strain 

Fig.  1 1  shows  the  optical  fibre  elongation  recorded  in 
the  field  test.  The  measured  average  sUain  after 
hauling  is  0%,  which  is  less  than  the  average  strain  of 
O.C15%  calculated  from  the  straight  duct  model  in 
Fig.6,  thus  confinning  the  finding  that  the  sUaight 
duct  model  can  be  safely  applied  to  complex  duct 
routes  with  multiple  bends. 

Fig.  11(a)  indicates  that  the  optical  fibre  had  not  been 
under  significant  strain  for  most  of  the  time  during 
installation  until  the  cable  tension  reached  a  level 
which  had  depleted  the  excess  fibre  length. 

Fig.  11(b),  which  expands  the  time  scale  of  the  strain 
curve  at  the  end  of  the  hauling,  shows  ^hat  the  optical 
fibre  elongation  returned  to  the  base  level 
immediately  upon  removal  of  the  hauling  tension. 
This  confirms  the  elastic  property  of  the  cable  and 
fibres. 


(a)  Full  trace 


MINUTES 


(b)  Expanded  time  scale  at  the  end  of  tra.  ^ 


Fig.  1 1  Optical  fibre  strains  during  and  after  hauling 


7.4  Cable  tensile  strength  improvement 

The  maximum  hauling  tension  applied  to  the  cable  in 
the  field  test  was  3.2  kN,  which  is  significantly 
greater  than  the  2  kN  that  would  normally  be  applied 
to  the  same  cable.  The  tensile  strength  improvement 
shows  the  potential  of  facilitating  more  efficient 
hauling  with  cost-effective  cable  design. 

8.  CONCLUSION 

A  method  to  determine  the  reliability  of  optical  fibre 
installed  in  underground  ducts  has  been  developed  on 
a  scientific  basis.  It  has  been  found  that  the  risk  of 
optical  fibre  breakage  during  hauling  is  low,  but  the 
effect  of  post-installation  residual  strain  on  fibre 
reliability  limits  the  maximum  allowable  fibre  strain 
during  installation. 

The  method  can  be  applied  to  achieve  cost-effective 
cable  design,  efficient  cable  hauling  and  high 
reliability  of  installed  fibres  in  the  underground  duct. 
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Abstract 

This  paper  reviews  the  development  of  an  optical  fiber  link 
for  bi-directional  data  communication  between  an  under¬ 
water  vehicle  and  a  control  station.  The  development  is  in¬ 
tended  for  applications,  where  high  speed  deployment  and 
long  lengths  of  cable  are  required.  It  focuses  on  the  choice  of 
an  appropriate  winding  technique  and  a  suitable  design  of 
minicable. 

The  solution  aims  to  minimize  tensile  forces  during  payout. 
This  is  achieved  with  a  lattice  wound  coil  that  shows 
negligible  loss  increase  due  to  winding.  A  well  suited  secon¬ 
dary  coating  was  developed  taking  into  account  the  winding 
behavior.  Properties  of  secondary  coated  fibers  under  severe 
environmental  conditions  are  discussed. 

Laboratory  tests  allowed  the  measurement  of  tensile  forces 
and  attenuation  behavior  in  water  at  pay-off  velocities  up  to 
25  m/sec.  Consequently  launching  tests  were  performed 
under  realistic  conditions. 

Introduction 

Today  guided  underwater  vehicles  are  used  in  research  and 
military  applications.  Although  guidance  by  copperwire  is 
well  established,  this  technique  is  subject  to  severe  limita¬ 
tions.  Obviously,  guidance  applications  benefit  from  the 
properties  of  optical  fiber  transmission  known  fi:om  telecom¬ 
munication: 

low  signal  attenuation 

high  speed  data  transmission  due  to  fiber  band¬ 
width  in  GHz-range 

low  weight  and  small  cable  diameter 

simple,  reliable  transmission  techniques 
compared  to  complex  conventional  techniques 

The  development  is  intended  for  applications,  where  high 
speed  deployment  and  long  length  transmission  are  required, 
and  where  only  limited  space  for  the  cable  is  available.  The 
minicable  is  wound  to  a  self-supporting  coil  which  is  posi¬ 


tioned  in  a  container  inside  the  underwater  vehicle.  The  fiber 
is  deployed  while  the  vehicle  moves  through  the  water. 

Design  Considerations 

One  aim  of  the  project  was  to  develop  a  solution  based  on 
standard  singlemode  fibers  according  to  CCITT  G.  652  at  the 
operation  wavelength  1300  nm.  Optical  fiber  characteristics 
are  given  in  Table  1.  On  this  premise,  the  concept  has  to 
avoid  small  bending  radii,  which  would  cause  additional 
attenuation.  Additional  attenuation  caused  by  a  single  sharp 
bend  with  a  radius  in  the  range  5  ...  10  mm  is  hard  to  control 
with  standard  singlemode  fibers^.  Such  sharp  bends  may 
occur  at  the  peel-off  point.  There  are  mainly  two  parameters 
influencing  this  behavior:  the  flexural  strength  of  the  cable 
and  the  tensile  force  acting  on  the  cable  which,  for  its  part, 
depends  on  the  presence  of  an  adhesive. 

UnUke  high  speed  deployment  in  air,  where  usually  multiple 
layer  windings  wound  within  a  canister  are  preferred,  a  self- 
supporting  coil  with  payout  from  the  inside  is  considered  to 
be  most  qrpropriate  in  water.  The  coU  is  fixed  in  a  container 
at  the  faces  and  the  outer  side. 


Mode  field 
diameter 

9  +  0.9 

Cmoff-wave- 

lengtbk^ 

1200 ...  1280 

nm 

1550  nm  loss 
perfonnance 
diameter  75  mm 

<0.1 

dB  / 100  turns 

chromatic 

dispeision  coefficieDt 
1285...  1330  mi 

<  2.7 

ps/hmAm 

Table  1  Fiber  characteristics 
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At  first  sight,  the  multiple  layer  winding  technique  seems  to 
be  most  suitable  to  the  fiber  properties  with  respect  to  bend¬ 
ing  radii.  But  on  closer  examination,  the  universal  winding 
technique,  often  referred  to  as  basket  weave  or  lattice  wound 
coil,  clearly  offers  some  advantages,  because  a  self- 
suppiorting  and  stable  coil  can  be  achieved  without 
continuous  use  of  an  adhesive. 

The  concept  of  minimal  tensile  forces  during  payout  allows 
small  cable  diameters  because  there  is  no  necessity  for  addi¬ 
tional  strength  members.  Preliminary  minicable  designs 
consist  of  one  or  two  singlemode  fibers  with  a  thermoplastic 
coating.  Composite  buffered  designs  with  a  thin  layer  of  gel 
between  primary  and  secondary  coating  and  tight  secondary 
coated  fibers  were  tested  (compare  Fig.  1).  Both  designs 
were  studied  as  singlefiber  cable  (type  A  and  C)  and  as  well 
as  dual  fiber  cable  (type  B  and  D).  Preselected  coating 
materials  are  theimoplastic  polyurethane  (TPU),  polyvinyl¬ 
chloride  (PVC  non-rigid)  and  polybutyleneterephthalate 
(PBT). 

The  development  steps  are  shown  in  Figure  2.  Special  atten¬ 
tion  was  given  to  attenuation  increase  due  to  winding  and 
also  to  minimum  tensile  forces  during  payout. 


Winding  Technique 

The  performance  of  cods  was  evaluated  by  visual  inspection 
and  measuring  of  optical  attenuation.  A  series  of  winding 
tests  was  carried  out  with  universal  winding  and  layer  wind¬ 
ing  equipment.  Lengths  of  2000  m  cable  were  used  for  the 
comparative  tests. 

Precision  multiple  layer  winding  was  done  in  two  ways:  The 
first  one  involved  radial  winding  on  a  mandrel  starting  with 
the  innetmost  layer.  The  second  one  was  axial  winding 
starting  with  the  face  side  on  a  disk.  Axial  winding  turned  out 
to  be  more  difficult,  because  winding  a  layer  from  larger  to 
smaller  radii  generates  a  radial  force  which  pulls  the  cable 
towards  the  axis  of  the  winding  disk.  Therefore  it  is  necessary 
to  frx  the  cable  in  the  right  position  immediately  with  an 
adhesive.  To  form  a  self-supporting  coil,  layer  windings  have 
to  be  fixed  with  an  adhesive  in  a  similar  maimer.  Deployment 
was  only  moderately  reliable  for  both  types  of  windings  due 
to  the  adhesive.  The  absence  of  a  core  in  the  self-supporting 
coil  poses  a  risk  of  two  or  more  turns  being  pulled  off  the 
spool  at  one  time. 

A  lattice  wound  coil  demonstrates  sufficient  stability  even 
without  adhesive.  Its  payout  reliability  is  excellent,  and  well 
proven  in  many  other  applications  in  the  textile  industry. 

One  disadvantage  of  universal  winding  is  that  mote  space  per 
unit  length  may  be  required.  Looking  at  the  space 
factor,  which  is  defined  as  the  ratio  of  cable-volume  and  coil- 
volume  including  interstices,  universal  winding  shows  a 
factor  of  60  %  whereas  layer  winding  reaches  values  of  up  to 
85  %.  The  universal  coil  thus  requires  more  volume  than 
layer  winding. 


composite  buffeted  light  buffered 


Type  B  Type  D 


Fig.  1  Minicable  designs 


Desien  Considerations 

Material  Dieselection 

Preliminaiy  cable 
design 

\ 

Windinc  Technique 

Winding 
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1 

Environmental  Tests 
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? 
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design 
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Qualification  of 
universal  winding 

\ 

Payout  tests 

Launching  tests 

Fig.  2  Development  steps  for  fiber  optic  guidance  of 
underwater  vehicles 
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Normally  long  lengths  of  fiber  need  to  be  accommodated 
within  the  vehicle.  This  requires  a  high  layer  count  for  the 
coil.  This  is  quite  easily  achieved  with  universal  w'mding. 
With  layer  windings  it  is  much  more  complicated  and  the 
layer  count  is  strongly  limited  by  the  geometrical  tolerances 
of  the  cable. 

With  standard  G.  652  fibers,  the  universal  coils  show  attenua¬ 
tion  increases  at  1550  nm  that  do  not  permit  reliable  trans¬ 
mission  at  this  wavelength.  Thus  transmission  is  limited  to 
the  wavelength  1300  nm,  unless  the  fiber  is  upgraded  to  spe¬ 
cial  bend-insensitive  fiber  tjfpe. 

A  qualitative  summary  of  the  test  results  is  given  in  Table  2  . 
The  findings  clearly  favor  the  universal  winding  technique 
for  the  planned  application. 

A  stable  and  self-supporting  coil  is  obtained  with  universal 
winding  when  the  angle  between  the  cable  and  coU  axis  lies 
within  75  deg.  to  86  deg^.  Besides  the  winding  angle  the 
relevant  parameters  determining  geometry  and  optical  at¬ 
tenuation  are:  winding  force,  guide  pressure  and  spacing  be¬ 
tween  two  adjacent  turns.  The  parameters  have  to  be  chosen 
carefully  so  as  not  to  diston  the  geometry  of  the  coil  or  to 
lead  to  an  unacceptable  increase  of  attenuation. 

One  effect,  for  example,  is  that  the  coil  does  not  obtain  a 
plain  surface,  but  becomes  raised  near  the  crossing  points. 
Crossing  points  here  are  understood  as  points  where  a  turn 
passes  over  the  preceding  turn.  Figure  3  compares  two  sur¬ 
face  patterns,  the  first  one  with  a  "good  spool  geometry",  the 
second  one  with  distortions  in  geometry  near  the  crossing 
points. 


layer 

universal 

characteristics 

winding 

winding 

stability  without 

not  applicable 

very  good 

adhesive 

payout  reliability 

moderate 

excellent 

space  faaor 

85% 

60% 

high  layer  count 

poor 

very  good 

traDsmissioa 

1300  tun  and 

1300  nm 

window 

1550  nm 

for  G.  652  fibers 

Table  2  Comparison  of  winding  techniques 


Attenuation  behavior  depends  on  cable  design  and  on  the 
material  used.  For  tight  buffered  minicables  (types  C  and  D) 
and  especially  type  C,  a  higher  added  loss  was  detected  in 
comparison  with  types  A  and  B.  This  resulted  fi’om  the  need 
for  higher  winding  forces  and  guide  pressures.  The  loss  aris¬ 
ing  from  the  type  of  material  used  was  examined  by  compar¬ 
ing  coils  with  equal  winding  parameters.  This  effect  is  attrib¬ 
uted  to  Young’s  modulus  of  the  secondary  coating.  For  our 
winding  diameters  and  the  geometrical  conditions,  an  upp)er 
limit  for  Young’s  modulus  can  tentatively  be  given.  For  type 
C  and  D  cables,  the  limit  is  in  the  range  of  0.7  to  1  GPa. 
With  type  A  and  B  designs,  uniform  winding  patterns  with 
tolerable  attenuation  changes  are  achieved  even  with 
Young’s  modulus  of  2  GPa. 

Cable  designs  with  an  attenuation  increase  less  than 
O.ldB/km  due  to  winding  were  found  to  be  worth  testing  in 
environmental  tests  for  further  evaluation. 


Fig.  3  Surface  patterns  of  universal  windings 

a)  uniform  pattern,  b)  distorted  geometry 


Environmental  Tests 

Coils  containing  2  km  of  fiber  were  studied  in  environmental 
conditions  given  in  Table  3.  Critical  tests  for  the  tight  buff¬ 
eted  types  turned  out  to  be  the  water  immersion  test  and  the 
hydrostatic  pressure  test,  whereas  type  A  and  B  cables  pro¬ 
duced  excellent  results.  Examples  of  test  results  on  types  A 
and  C  are  given  in  Figure  4.  Type  A  shows  smaller  attenua¬ 
tion  increases  in  thermal  cycling,  water  immersion  and 
hydrostatic  pressure  tests.  The  test  findings  indicated  that 
only  A  and  B  type  cables  are  suitable  for  this  q^plication. 

To  obtain  a  smaller  volume  per  cable  length  than  that  of  ex¬ 
isting  copper-wire  systems,  a  diameter  of  0.6  mm  was  cho¬ 
sen  for  the  single  fiber  cable.  All  subsequently  discussed  test 
results  refer  to  this  cable  diameter. 
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Type  A  Type  C 

Temperature  cycling 


Water  immersion 

Lou  (dB/km) 


12  3  4 

Tune  (dey«) 


Characteristics 

Parameter 

Time 

Standard 

attenuarion 

1310  nm 

- 

1EC793-1-C1C 

temperatuie 

-50  ...  +70  deg  C 

1EC-794-1-F1 

cycling 

period  t  j 

21  cycles 

12  h 

water-humidity 

-  water  20  deg  C 

7  h 

internal 

cycling 

-  drying  25  deg  C 
and  tel.  humidity  30  % 

5  h 

-  humidity  40  deg  C 
and  tel.  humidity  95  % 

12  h 

21  cycles 

water 

70  deg  C 

21  d 

internal 

immeision 

hydrostatic 

10  MPa  (100  bar) 

internal 

pressure 

-  rise  time: 

10  min. 

-  dwell  time; 

20  h 

-  fall  time: 

2  cycles 

1  min. 

low  pressure 

50hPa 

internal 

cycling 

-  rise  time: 

5  min. 

-  dwell  time: 

30  min. 

-  fall  time: 

5  min. 

1000  hPa 

2  cycles 

6  h 

vibration 

frequency  range 
from  10  to  150  Hz 
acceleration  40  m/s^ 

3  cycles 

30  min. 

lEC  874-1-18.2 

Table  3  Environmental  test  procedures 


Loss  (dB/km) 


Hydrostatic  pressure 

Pressure  (MPs)  Loss  (dB4un) 


O.5I 

0.4| 

0.3 


10  20  30 

Time  (hours) 


(Vessure  (MPs) 

10 


Fig.  4  Test  results  for  Tyjje  A  and  C  cables  under 
environmental  conditions 


Qualification  of  Universal  Winding 

Hie  expected  high  layer  coimt  for  universal  winding  was 
verified  during  a  test  series.  Starting  on  coil  forms  with  di¬ 
ameters  varying  ftom  100  to  350  mm,  outer  diameters  in  the 
range  of  150  to  400  mm  were  realized.  Universal  winding 
proofed  to  be  a  stable  process  even  with  lengths  25  km,  but 
longer  lengths  are  also  possible. 

As  a  result,  it  can  be  stated  that  universal  winding  allows 
geometries  with  a  small  coil  width  and  large  outside 
diameters.  For  a  coil  form  with  a  diameter  of  100  mm  and  a 
coil  width  of  150  mm,  a  diameter/width  ratio  of  2.5  can  be 
achieved. 

The  winding  tests  show  that  universal  winding  is  insensitive 
to  deviations  of  the  cable  cross-section.  This  attribute  could 
be  useful  when  splicing  and  carrying  out  secondary  coating 
repair. 


78  International  Wire  &  Cable  Symposium  Proceedings  1992 


Added  loss  (dB/km) 


Fig.  5  Attenuation  increase  due  to  universal  winding 


Characteristics 

Parameter 

attenuation  change  /  resp. 
other  criteria 

temperature 

cycling 

-50  ...  +70  deg  C 

21  cycles 

0  ...70  deg  C:  0.04  dB/km 
-50  ...70  deg  C:  0.30  dB/km 

water-humidity 

cycling 

-  water  20  deg  C 

-  drying  25  deg  C 
and  rel.  humidity  30  % 

-  humidity  40  deg  C 
and  rel.  humidity  95  % 
21  cycles 

0.02  dB/km 

water 

immersion 

70  deg  C 

0.03  dB/km 

hydrostatic 

pressure 

10  MPa 

2  cycles 

0.02  dB/km 

low  pressure 
cycling 

0.02  dB/km 

vibration 

10...  150 Hz, 40  m/s^ 
3  cycles 

no  distortion  of  layers 

Table  4  Qualification  test  results 


Winding  slightly  increases  attenuation  at  1300  nm  but  its 
effect  is  negligible  in  actual  practice.  Most  of  this  additional 
attenuation  can  be  attributed  to  the  bends  near  the  crossing 
points,  that  occur  twice  per  turn.  The  attenuation  coefficient 
becomes  less  for  larger  winding  radii,  because  the  number  of 
bends  per  length  is  smaller  the  larger  the  winding  diameter. 

Figure  5  shows  measured  values  and  a  calculated  curve,  that 
is  adjusted  to  the  measuring  length  of  2  km.  The  calculated 
curve  predicts  higher  attenuation  coefficients  for  longer 
lengths,  because  this  simplified  model  takes  into  account 
only  the  number  of  bends,  and  neglects  the  fact  that  the 


bending  radii  at  the  crossing  points  become  larger  as  the 
winding  diameter  increases.  Nevertheless  transmission  at 
1300  nm  is  not  seriously  affected  by  the  attenuation  increase 
reported  here. 

The  results  of  the  environmental  tests  for  the  chosen  cable 
design  and  parameters  evaluated  for  universal  winding  are 
given  in  Table  4. 


Payout  Tests 

Payout  performance  was  simulated  with  a  reel-off  model 
(Fig.  6).  The  model  is  designed  for  payout  velocities  of  up  to 
25  m/sec. 

The  coil  was  submerged  in  water.  A  steady  flow  o*  water  in 
the  tube  behind  the  coU  simulated  a  moving  vehicle.  The  de¬ 
sired  test  velocities  were  obtained  by  using  an  additional  pul¬ 
ley.  Tensile  forces  acting  on  the  minicable  during  payout 
were  measured.  At  velocities  up  to  25  m/sec.,  the  continuous 
forces  were  well  below  5  N.  They  are  independent  of  the 
winding  diameter,  but  approximately  increase  linearly  with 
increasing  payout-velocity. 

In  addition  to  the  tensile  force,  a  sinusoidal  signal  was  re¬ 
corded  to  observe  possible  loss  increase.  There  was  no  at¬ 
tenuation  increase  due  to  payout.  That  means  the  bending  ra¬ 
dius  at  the  peel-off  point  is  uncritical  as  regards  attenuation 
(Fig.  7). 


Pulley  TeusioD  tester 

£5 


Minicable 


W^^upply 


CoU 


Recoiding 


Detector  Light  source 


Fig.  6  Reel-off  model 
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Fig.  7  Signal  pattern  during  payout  test 


Launching  Tests 

For  launching  tests  under  realistic  conditions,  a  trial  torpedo 
was  modified  to  take  up  the  coil  consisting  of  a  single  fiber 
A-type  cable. 

The  optical  source  in  the  transmission  system  was  a  high 
radiance  1300  nm  LED.  The  LED  was  attached  to  the  fiber 
by  means  of  a  fusion  coupler.  Guidance  commands  from  the 
control  station  and  sensor  signals  from  the  vehicle  were 
transmitted  as  FSK  coded  binary  signals.  The  modulation 
frequencies  indicated  the  transmission  direction. 

During  the  test  series,  a  cable  length  of  12  km  was  success¬ 
fully  deployed  several  times.  Like  the  payout  tests,  the 
launching  tests  confirmed  that  payout  does  not  increase  at¬ 
tenuation.  The  total  tested  length  of  fibers  was  more  than  100 
km.  During  the  launching  tests,  no  transmission  error  was 
caused  by  die  optical  part  of  the  transmission  system. 

Summary 

To  evaluate  the  advantages  of  optical  fiber  transmission  for 
underwater  vehicle  guidance,  a  development  project  with 
standard  singlemode  fibers  was  successfully  performed. 

More  than  40  km  of  the  developed  minicable  can  be  pack¬ 
aged  to  a  universal  winding. 

Operation  at  1350  nm  wavelength  is  possible  with  bend- 
insensitive  fibers. 
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Optical  Fiber  Line  Surveillance  System  for  Preventive  Maintenance 
Based  on  Fiber  Strain  and  Loss  Monitoring 

Izumi  Sankawa,  Yahei  Koyamada,  Shin-ichi  Furukawa 
and  Tsuneo  Horiguchi 

NTT  Telecommunication  Field  Systems  R&D  Center 
Tokai,  Ibaraki,  319-11,  Japan 


Abstract 

A  surveillance  system  is  demonstrated  for  use  with  an 
optical  fiber  line  network.  It  provides  a  warning,  based  on 
fiber  strain  and  loss  monitoring,  when  there  is  a  need  to  initiate 
preventive  maintenance.  This  system  monitors  for  two  types  of 
fiber  fault.  One  is  caused  by  tensile  strain  in  a  fiber  which 
induces  fiber  failure  and  the  other  is  caused  by  fiber  bending 
and  the  absorption  of  hydrogen  molecules  which  induces  loss 
increase.  The  system  automatically  calculates  the  fiber  fault 
probability. 


1.  Introduction 

During  the  last  decade,  optical  fiber  transmission  systems 
have  played  a  vital  part  in  trunk  line  and  subscriber  line  networks. 
As  these  networks  expand  and  optical  transmission  systems 
with  high  fiber  count  cables  come  into  use,  fiber  operations 
such  as  testing,  fault  location  and  the  supervision  of  transmission 
characteristics  will  become  more  complicated.  Recently,  a  number 
of  reports  have  appeared  that  propose  automatic  operation, 
administration,  and  maintenance  systems  for  optical  fiber  line 
networks.'”  '”  In  these  systems,  the  optical  characteristics  of 
fiber  lines  at  communication  band  wavelengths  have  been 
automatically  and  remotely  monitored  by  using  conventional 
equipment  such  as  light  sources,  optical  power  meters  and  optical 
time  domain  reflectometers.  However,  fiber  failure  and  loss 
increase  in  a  cable  or  a  cable  joining  closure  can  not  be  predicted 
with  this  equipment.  Since  system  failure  due  to  fiber  or  cable 
faults  may  seriously  affect  many  customers,  there  is  an  urgent 
need  to  develop  an  optical  fiber  line  surveillance  system  which 
can  diagnose  fiber  and  cable  degradation  and  warn  of  the  need 


for  preventive  maintenance.  This  paper  presents  key  technologies 
and  the  system  configuration  of  such  an  optical  fiber  line 
surveillance  system. 

Two  new  techniques  have  been  developed  which  can  be 
used  to  predict  fiber  failure  and  loss  increase.  One  is  Brillouin 
Optical  Time  Domain  Analysis  (BOTDA)  which  measures  the 
tensile  strain  distribution  in  fibers."”"'’  The  other  is  Optical 
Time  Domain  Reflectometry  (OTDR)  in  the  1.6  -  1.7  pm 
wavelength  range,  which  is  suitable  for  the  detection  of  loss 
increases  due  to  bending  and/or  hydrogen  absorption  before  the 
service  is  affected  at  communication  wavelengths  (  1 .3  to  1.6 
pm  ).  A  prototype  surveillance  system  is  constructed,  which 
automatically  and  remotely  accesses  fibers,  diagnoses  fiber 
degradation  and  anticipates  fiber  failure  probability. 

2.  Basic  concepts  for  Preventive  Maintenance  of  Fiber  Line 
Networks 

Table  1  outlines  the  sites  and  causes  of  fiber  faults.  Fiber 
faults  are  classified  into  two  types:  fiber  failure  and  fiber  loss 
increase.  The  former  is  caused  by  tensile  strain  inside  a  fiber  in 
a  cable  and  by  fiber  bending  in  a  cable  Joining  closure.  In 
addition  to  this  strain,  the  strength  of  optical  fibers  is  generally 
reduced  by  water  penetration.  The  latter  is  caused  by  fiber  bending 
and  by  the  absorption  of  hydrogen  molecules. 


Table  I  Sites  and  causes  of  fiber  faults. 


Site 

Fiber 

fault 

Cause 

At  cable 

Fiber 

failure 

Water  penetration  and  fiber  bending 

Joining 

point 

Loss 

increase 

Fiber  bending  and  fiber  joint 

In  fiber 

Fiber 

failure 

Tensile  strain  and  water  penetration 

cable 

Loss 

increase 

Fiber  bending  and/or 
water  penetration 
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Table  2  Items  of  fiber  measurement. 


Site 

Cause 

Items  of  measurement 

At  cable 

joining 

point 

Water  penetration 

Variation  in  fiber 
bending  radius 

Time  and  date  of 
penetration 

Fiber  bending  loss 

In  fiber 

Water  penetration 

Time  and  date  of 
penetration 

cable 

Tensile  strain  in 
fiber  cable 

Tensile  strain 

Items  for  fiber  line  measurement  are  shown  in  Table  2. 
Recently,  a  water  sensor  module  has  been  proposed""’,  in  which 
absorbent  material  expands  and  bends  the  fiber  causing  additional 
optical  loss  in  the  monitor  fiber.  It  is  clear  that  a  technique  is 
needed  for  measuring  the  tensile  strain  and  bending  loss  increase 
of  fibers  with  high  sensitivity. 

The  fiber  fault  probability  in  the  new  surveillance  system  is 
estimated  based  on  BOTDA  and  OTDR  for  tensile  strain  and 
bending  loss  increase,  respectively.  First,  the  fiber  failure 
probability,  F,  is  calculated  from  the  measured  tensile  strain,  5a, 
as  follows; 

F=l-exp[Np  L(  l-(  l+(^)"  )]  , 

where  Np  is  the  failure  number  per  unit  length  during  proof 
testing,  L  is  the  fiber  length  under  tensile  strain,  5p  is  the  tensile 
strain  during  proof  testing,  n  is  the  crack  growth  parameter,  ta 
is  the  loading  time  under  5a,  tp  is  the  loading  time  during  proof 
testing  and  m  is  the  slope  of  a  distribution  in  a  Weibull  probability 
chart."  ’  The  system  warns  operators  based  on  this  equation. 
For  fiber  bending,  the  loss  distribution  is  periodically  measured 
by  high  sensitivity  OTDR  at  longer  wavelengths  and  recorded 
as  past  data.  The  time  dependence  of  loss  increase  at  longer 
wavelengths  is  calculated  automatically,  based  on  the  measured 
loss  values,  and  loss  values  in  the  near  future  are  estimated.  If 
these  estimated  loss  values  are  larger  than  the  prescribed  ones, 
the  system  gives  a  warning.  It  is  noted  that  the  loss  increase 
due  to  water  penetration  is  also  detected  and  estimated. 

Therefore,  operators  can  diagnose  fiber  degradation  on  the 
basis  of  these  results  and  deal  with  it  before  the  service  is 
affected. 

3.  Key  Technologies  for  preventive  maintenance 

This  section  introduces  newly  developed  techniques  for 
measuring  fiber  strain  distribution. 


Fig.l  Normalized  Brillouin  frequency  shift 
versus  tensile  strain. 


PULSE  CW 


Fig.2  Basic  configuration  of  BOTDA. 


3. 1  Tensile  Strain  Measurement 

If  tensile  stress  is  applied  to  a  fiber  over  a  long  time,  it 
causes  degradation  in  fiber  strength,  leading  finally  to  fiber 
failure,  even  if  the  tensile  stress  is  considerably  lower  than  that 
which  causes  immediate  failure.  The  time  to  failure  depends  on 
the  magnitude  of  the  applied  tensile  stress  and  environmental 
conditions  as  described  above.  In  order  to  predict  fiber  reliability, 
it  is  necessary  to  measure  the  tensile  strain  or  stress  in  fibers. 
Recently,  Brillouin  Optical  Time  Domain  Analysis  (BOTDA) 
has  been  developed  for  this  purpose.  This  technique  is  briefly 
explained  below.***  '*’ 

The  tensile  strain  induces  a  change  in  the  Brillouin  frequency 
shift  in  fibers  as  shown  in  Fig.l.  From  this  figure,  it  can  be 
seen  that  the  magnitude  of  Brillouin  frequency  shift  varies  linearly 
with  the  tensile  strain.  It  is  possible,  therefore,  to  estimate  the 
tensile  strain  in  the  fiber  by  measuring  the  Brillouin  frequency 
shift.  Figure  2  shows  the  basic  configuration  for  BOTDA.  A 
pulsed  lightwave  and  a  continuous  lightwave  with  a  frequency 
difference  av  are  launched  into  the  test  fiber  from  opposite 
endfaces  so  that  they  counterpropagate.  When  their  optical 
frequency  difference  av  coincides  with  the  Brillouin  frequency 
shift,  the  CW  lightwave  is  amplified  by  the  pulsed  lightwave 
through  Brillouin  scattering.  Thus,  by  repeated  measurement 
of  time-dependent  CW  light  power  for  various  av  values,  the 
Brillouin  frequency  shift  in  any  part  of  the  test  fiber  can  be 
measured  as  the  optical  frequency  difference  avmax  at  which  the 
CW  light  power  is  maximized. 
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Fig. 3  Brillouin  amplification  gain  distribution, 
xio"^ 


Distance  (km) 
Fig.4  Fiber  strain  distribution. 


Tensile  strain  distribution  in  a  fiber  in  the  test  cable  was 
measured  using  BOTDA.  Figure  3  shows  the  experimental 
results  for  a  fiber,  which  consists  of  three  sections  A,  B  and  C. 
Tensile  stress  is  applied  uniformly  throughout  section  B.  The 
CW  light  power  increase  (  Brillouin  amplification  gain  )  is  thrce- 
dimensionally  displayed  on  a  plane  which  is  determined  by  the 
distance  z  and  the  optica!  frequency  difference  Av.  In  this 
figure,  the  Brillouin  gain  datum  at  any  point  represents  the 
average  Brillouin  gain  value  within  half  a  pump  pulse  around 
that  point.  The  ridges  at  either  end  are  Fresnel  reflection  lights 
at  the  measurement  ends.  The  Brillouin  frequency  shift  A  vmax. 
at  which  the  CW  light  amplification  is  maximized,  is  shifted  for 
section  B  from  those  for  the  other  sections.  This  shift  indicates 
the  strain  induced  by  the  applied  stress  in  section  B.  Figure  4 
shows  the  tensile  strain  distribution,  which  is  calculated  from 
the  distribution  of  Avmax.  From  this  figure,  it  is  clear  that  a 
uniform  tensile  strain  of  0.16%  appears  in  section  B.  This 
result  coincides  with  the  mechanically  measured  value  with  an 
error  of  less  than  10%.  This  result  shows  that  the  variation  in 
tensile  strain  can  be  obtained  by  using  the  Brillouin  scattering 
phenomenon. 


Bending  radius  (mm) 

Fig.5  Bending  loss  versus  bending  radius. 


FA  :  Fiber  amplifiers.  AOSW  :  Acousto-optic  switch 
Fig.6  Basic  configuration  of  OTDR  at  I  .b.Spm. 

3.2  Bending  Loss  Measurement 

Fiber  bending  induces  fiber  loss  increase  as  described  in 
section  2.  The  loss  value  depends  on  the  bending  radius  and  is 
generally  larger  at  longer  wavelengths  as  shown  in  Fig.-S  for 
single  mode  fibers.  From  this  figure,  it  is  clear  that  the  bending 
loss  increase  can  be  sensitively  detected  by  monitoring  the  loss 
distribution  periodically  at  longer  wavelengths.  Therefore. 
Optical  Time  Domain  Reflectometry  (  OTDR  )  at  longer 
wavelengths  is  suitable  for  the  detection  of  loss  increa.ses  due  to 
bending  before  the  service  at  communication  wavelengths  ( 1 .3 
to  1 .6  pm)  is  affected. 

Figure  6  shows  the  basic  configuration  for  OTDR  at  longer 
wavelengths.  Two  kinds  of  optical  amplification  technique  in 
the  1.6  -  1.7  pm  wavelength  range  are  used  to  improve  the 
OTDR  performance.  One  is  the  erbium-doped  aluminosilicate 
fiber  amplifier''^’  and  the  other  is  the  stimulated  Raman  fiber 
amplifier.'”' 

(I)  Erbium-doped  aluminosilicate  fiber  amplifier 

In  erbium-doped  fiber  amplifiers  (EDFAs),  the  spectral 
bandwidth  of  optical  gain  is  expanded  by  doping  the  silica  glass 
with  aluminum.  Recently,  a  1 5  dB  gain  has  been  obtained  for  a 
signal  wavelength  of  1.6  pm  using  an  erbium-doped 


International  Wire  &  Cable  Symposium  Proceedings  1992  83 


Color  cenier  laser 


Fig.7  Gain  characleristics  of  EDFA. 

aluminosilicate  fiber  amplifier  pumped  by  a  color  center  laser.''*' 
The  color  center  laser  is  so  bulky  that  this  configuration  can  not 
be  combined  with  optical  measurement  equipment.  We  have 
investigated  a  practical  EDFA  pumped  by  semiconductor  laser 
diodes.  The  pump  light  sources  were  two  1.48  pm  laser 
diodes  (LDs)  whose  outputs  were  combined  with  a  polarizing 
beam  splitter,  providing  a  total  optical  power  of  1 10  mW.  The 
signal  light  source  was  a  1.617  pm  DFB-LD.  Figure  7  shows 
the  gain  characteristics  of  an  erbium-doped  aluminosilicate  fiber 
amplifier  at  a  wavelength  of  1.617  pm.  A  gain  of  10  dB  has 
been  obtained. 

(2)  .Stimulated  Raman  fiber  amplifier 

We  have  investigated  a  stimulated  Raman  fiber  amplifier 
(RFA)  operating  at  around  I.6.S  pm.  The  RFA  setup  is  shown 
in  Fig.8.  The  pump  pulses  were  output  optical  pulses  from  a 
I..S.S.')  pm  laser  diode,  amplified  by  the  EDFA.  Signal  pulses 
from  a  tunable  color  cenier  laser  modulated  by  an  acoustooptic 
modulator  were  combined  with  the  pump  pulses  by  a  WDM 
coupler  and  synchronized  at  the  input  to  a  Raman  fiber.  The 
Raman  fiber  was  a  20  km  long  dispersion-shifted  fiber  with  a 
fiber  loss  of  0.21  and  0.26  dBAm  at  I..S5  and  1.66  pm, 
respectively.  Figure  9  shows  the  measured  spectral  characteristics 
of  the  RFA.  This  figure  reveals  that  the  RFA  gain  is  23  dB  at  a 
center  wavelength  of  1 .665  pm  and  the  3  dB  bandwidth  is  33 
nm. 

The  fiber  bending  loss  was  measured  by  using  OTDR. 
Figure  10  shows  the  measured  bending  loss  dependence  on  the 
bending  radius  for  a  dispersion-shifted  fiber  ribbon.  From  this 
figure,  we  found  that  a  larger  bending  loss  value  is  obtained  at 
longer  wavelengths.  This  result  coincides  with  the  loss  value 
measured  using  a  light  source  and  an  optical  power  meter. 
Therefore,  it  is  possible  to  detect  fiber  bending  by  OTDR  at 


I  .SS.Spm  LD 


Fig.8  Setup  of  Raman  fiber  amplifier. 


Wavelength  (pm) 

Fig.9  Spectral  characteristics  of  RFA. 


Fig.  10  Bending  loss  versus  wavelength, 
longer  wavelengths  before  the  service  is  affected. 

4.  System  Configuration  and  Performance 

We  constructed  a  prototype  system  which  can  remotely  and 
non-intrusively  access  fibers  and  automatically  diagnose  fiber 
line  degradation.  This  system  is  now  being  examined  for  use  in 
preventive  maintenance.  Figure  1 1  shows  the  system 
configuration.  The  system  consists  of  a  measurement  system 
installed  in  a  telephone  office  and  a  data  processing  system 
installed  at  an  operation  center.  Key  structural  elements  of  the 
measurement  system  are  as  follows; 

( 1 )  Optical  fiber  directional  coupler  for  measurement  access. 

(2)  Optical  fiber  selecting  connector, 

(3)  Measuring  equipment  such  as  LS,  OPM,  OTDR  operating  at 
long  wavelengths  and  BOTDA, 
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Fig.  12  Conduit  route  for  cable  installation. 


A.B  C  D  E  F  G 


Fiber  length  (km) 
Fig.l.^  Tensile  strain  distribution. 


FDF  :  Fiber  distribution  frame 

OFE)C  :  Optical  fiber  directional  coupler 

OFSC  :  Optical  fiber  selecting  connector 

LS  :  Light  source 

OPM  :  Optical  power  meter 

OTDR  :  Optical  time  domain  reflectometer 

BOTDA  :  Brillouin  optical  time  domain  analizer 

DCN  :  Data  communication  network 

DB  :  Data  base 

WS  :  Workstation 

Cont.M.  :  Controlling  software  module 

AI  M.  :  AI  software  module 

Fig.  1 1  Configuration  of  Fiber  line  surveillance  system. 


0  2  4  6  8  10 

Length  (km) 

Fig.  14  OTDR  traces  of  submarin  cable 
after  laying  trials. 


(4)  Multi-job  measurement  controller. 

In  the  data  processing  system,  a  databa.se.  which  stores  the 
periodically  measured  data  on  fiber  strain  and  loss,  and  an  AI 
module  are  installed  in  order  to  anticipate  fiber  fault  probability. 
Based  on  this  estimation  of  tensile  strain  and  bending  loss  of 
fibers,  the  prototype  system  diagnoses  fiber  degradation  and 
warns  operators.  This  is  described  below. 

4. 1  Tensile  strain 

The  prototype  system  was  used  to  measure  the  distributed 
tensile  strain  in  single  mode  fibers  in  a  field-installed  cable  and 
estimate  its  fiber  failure  probability.  This  cable  was  installed 
into  the  conduit  route  as  shown  in  Fig.  12.  Letters  A-G  in  the 
figure  denote  the  cable  ends  and  corners  in  the  conduit  route. 
Figure I.T  shows  the  measured  tensile  strain  distributions  in  the 

fiber  in  this  cable.  The  solid  line  shows  the  tensile  strain 
distribution  measured  immediately  after  iastallation  and  the 
broken  line  shows  that  measured  one  year  after  installation. 
The  letters  with  arrows  in  the  figure  correspond  to  the  cable 


ends  and  corners  in  the  conduit  route.  From  Fig.l.^,  it  is  found 
that  a  maximum  residual  tensile  strain  in  the  DE  section  is 
decreased.  This  strain  decrease  is  evaluated  as  0.01  'Jf.  Based 
on  this  data,  the  data  processing  system  calculated  a  fiber  failure 
probability.  As  a  result,  the  tensile  strain  value  was  found  to  be 
sufficiently  small  compared  to  the  tolerable  maximum  tensile 
strain  of  about  0.17%  for  a  20  year  lifetime  against  10  FIT  / 
100  km."'’ 


4.2  Bending  loss 


The  system  measured  the  bending  loss  of  fibers  in  a 
submarine  optical  cable  during  laying  trials  by  using  the  1.6.1 
um  OTDR.  This  cable  contained  48  dispersion-shifted  fibers. 
A  kink  was  intentionally  made  in  the  cable  at  a  distance  of  about 

1.3  km  from  the  fiber  end  during  the  cable  laying  process. 
Figure  14  shows  measured  OTDR  traces  of  the  38th  fiber  line  at 
1.3,  1.55  and  1.65  pm,  respectively.  From  this  figure,  it  is 
clear  that  a  bending  loss  appears  at  a  fiber  length  of  about  1.3 
km,  which  corresponds  to  the  length  of  the  cable  kink,  and  is 
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larger  at  longer  wavelengths.  A  loss  increase  also  appeared  at 
longer  wavelengths  in  OTDR  traces  of  the  39th  and  40th  fibers. 
The  prototype  system  gives  a  warning,  based  on  these  results, 
which  indicates  the  occurrence  of  abnormal  loss  increase  in 
fiber  lines. 

5.  Conclusions 

This  paper  described  an  optical  fiber  surveillance  system  for 
preventive  maintenance  based  on  fiber  strain  and  loss  monitoring. 
Key  measuring  technologies  and  elements  for  in-service  strain 
and  loss  monitoring  were  explained.  A  prototype  system  which 
will  lead  to  the  development  of  centralized  and  automated  fiber 
line  measurement  system  was  also  presented. 

Several  areas  need  further  study  before  optical  fiber  lines  can 
be  measured  in  practice.  Lengthy  and  careful  consideration 
should  be  given  to  these  problems. 
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Wide  Dynamic  Range  Optical  Talk  System  Using  External  Loss  Modulation 
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Abstract  be  useful  methods  to  realize  such  kind  of 

talk  sets  that  operate  without  fiber  ends. 

The  external  loss  modulation  has  been  Furthermore,  two  external  modulation 

applied  to  a  new  optical  talk  system  that  methods  for  talk  sets  are  already  report- 

requires  no  fiber  end  in  any  intermediate  ed,  one  is  the  external  loss  modulation  * ^ ^ 

point  of  an  optical  fiber.  The  system  has  and  another  is  the  polarized  wave  external 

a  wide  dynamic  range  and  is  capable  of  modulation  * ^  \ 

simultaneous  communication  between  multi-  The  external  loss  modulation  method  is 

points  on  an  optical  fiber.  To  realize  adopted  into  the  talk  system  in  this 

such  performances,  the  local  light  detec-  paper,  because  the  method  provides  the 

tion  and  the  pulse  amplitude  modulation  widest  dynamic  range  and  simultaneous 

(PAM)  techniques  are  adopted  with  the  communication  between  all  talk  sets  on  a 

external  loss  modulation.  fiber. 

This  paper  focuses  on  the  prototype  The  principle  of  the  talk  system  is  based 

system  for  1550nm  and  describes  the  on  the  external  loss  modulation  method, 

methods  to  realize  some  key  functions  of  local  light  detection*^*  technique,  and 

the  system  in  both  technical  and  opera-  PAM  applied  to  a  laser  diode  (LD)  .  The 

tional  aspects.  The  excellent  properties  local  light  detection  is  the  fundamental 

and  easy  operations  of  the  prototype  technique  used  in  fiber  identifiers*'*’, 

system  are  also  reported.  The  prototype  system  for  1550nm  on  a 

single  mode  fiber  (SMF)  has  demonstrated 
1.  Introduction  communication  performance  to  be  viable  in 

many  applications. 

Recently  optical  talk  sets  are  becoming 
indispensable  instruments  during  installa-  2.  General  Description 
tion  and  maintenance  of  optical  cables.  2.1  System  Configuration 

Conventional  talk  sets  require  the  access  The  talk  system  consists  of  master  units 

of  the  ends  of  a  fiber  for  optical  signal  and  local  units  operated  on  a  fiber.  Fig.l 

launching  and  detection,  therefore,  fiber  shows  an  example  of  system  configuration 

cutting  and  splicing  operations  are  una-  comprising  two  master  units  and  two  local 

voidable.  An  optical  talk  set  free  from  units.  The  two  master  units  at  both  fiber 

such  complicated  and  loss  inflicting  ends  are  indispensable  as  light  sources 

operations  is  strongly  desired  as  an  ideal  for  external  loss  modulation  utilized  by 

instrument.  local  units  in  any  configuration. 

External  modulation  to  an  optical  fiber 
and  local  light  injection  *  ’  are  known  to 


Optical  Connector 


Local  Local 

Unit  Unit 


Fig.l  An  Example  of  System  Configuration 
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2.2  Master  Unit 

The  master  unit  includes  a  LD,  a  photo 
diode  (PD)  and  a  3dB  optical  fiber  cou¬ 
pler  for  full  duplex  communication  on  a 
fiber  as  shown  in  Fig. 2.  The  light  signal 
access  is  achieved  through  the  fiber  end 
that  is  terminated  with  an  optical  connec¬ 
tor  normally.  The  LD  drive  current  is 
directly  modulated  by  voice  signals  as 
transmitted  from  the  master  unit,  so 
called  direct  modulation. 


Fig.2  Basic  Configuration  of  Master  Unit 
2.3  Local  Unit 

An  external  loss  modulator  and  a  PD  for 
local  light  detection  are  the  main  compo¬ 
nents  of  the  local  unit  shown  in  Fig. 3. 
The  loss  modulator  is  a  kind  of  electro¬ 
magnetic  vibrator.  The  variation  of  fiber 
bending  width  caused  by  the  vibrator 
corresponds  to  the  variation  of  the  fiber 
loss.  In  this  way,  optical  intensity 
modulation  is  achieved  and  the  modulation 
index  is  basically  in  proportion  with  the 
vibration  amplitude. 


■N 


Bending  Width 
Vibration 


/ 

KH 


Loss 

Modulator 


PD 


Fig.3  Basic  Configuration  of  Local  Unit 


The  vibration  amplitude  of  such  an  elec¬ 
tromagnetic  vibrator  is  inversely  propor¬ 
tional  to  the  signal  frequency.  The  maxi¬ 
mum  frequency  capable  to  be  transmitted  is 
approximately  3kHz. 

In  addition,  the  PD  for  local  light 
detection  has  a  large  diameter  in  order  to 
detect  the  leaked  light  power  from  the 
bending  point  of  the  fiber  efficiently. 


but  has  a  slow  response.  Furthermore,  the 
bandwidth  limitation  of  the  internal 
electronic  circuit  improves  the  signal  to 
noise  ratio  (S/N). 

In  the  local  unit,  the  voice  signal  is 
modulated  in  baseband  because  of  those 
reasons  above. 

2.4  System  Operation 
The  system  operations  of  the  light  modu¬ 
lation  and  detection  between  master  and 
local  units  are  described  as  follows; 

(1)  Master  to  Master 

The  way  between  two  master  units  is  basic 
full  duplex  communication  on  a  fiber  using 
fiber  ends  similar  to  ordinary  talk  sets. 

(2)  Master  to  Local 

The  light  modulated  by  the  direct  modula¬ 
tion  within  the  master  unit  is  detected  by 
the  local  unit  using  local  light  detection 
method . 

(3)  Local  to  Master 

The  light  from  the  master  unit  is  exter¬ 
nally  modulated  in  the  local  unit  and 
detected  in  the  other  master  unit. 

(4)  Local  to  Local 

The  light  from  the  master  unit  is  exter¬ 
nally  modulated  in  one  local  unit  and  de¬ 
tected  by  the  local  light  detection  method 
in  the  other  local  unit. 

3.  System  Design 

3.1  Optical  Isolator 

It  is  well  known  that  light  injected  into 
a  LD  not  only  damages  the  LD  but  also 
degrades  the  transmitted  signal  quality. 
The  master  unit  in  the  system  is  also 
susceptible  to  such  harmful  light  injected 
into  a  LD,  such  as  the  reflections  from 
optical  connectors  included  in  an  optical 
line  and  the  light  from  the  other  master 
unit  at  the  opposite  fiber  end.  When  the 
system  is  used  in  short  fiber  length 
applications,  the  light  power  from  the 
other  master  unit  is  especially  of  high 
intensity. 

An  optical  isolator  is  an  effective  solu¬ 
tion  to  prevent  these  lights  injected  into 
the  LD.  A  polarization  independent  optical 
isolator  is  adopted  in  the  system  shown  in 
Fig. 4,  as  the  lights  of  two  LDs  from  each 
of  the  master  units  have  no  correlation  in 
polarization. 

3.2  PAM 

As  mentioned  before,  an  optical  line  nor¬ 
mally  includes  some  optical  connectors  or 
other  optical  components  that  cause 
reflections  indicated  in  Fig. 4.  Further¬ 
more,  an  optical  fiber  itself  has  an 
Intrinsic  property  known  as  Rayleigh 
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Isolator 


Fig.4  Optical  Reflection 


Rayleigh 

Scattering 


scattering  that  causes  reflection  of  the 
transmitted  light  along  the  fiber.  The 
source  of  these  reflected  lights  from 
multi-points  is  the  same  LD  in  the  master 
unit.  If  the  length  between  reflected 
points  is  shorter  than  the  coherent  length 
of  the  LD,  their  interference  results 
optical  power  fluctuations.  This  optical 
power  fluctuation  directly  affects  to  the 
optical  intensity  modulation  in  baseband. 
The  fluctuation  is  observed  as  the  noise 
mixed  with  the  demodulated  voice  signal  in 
the  master  unit.  The  more  the  number  of 
reflected  points  and  the  nearer  they  are 
to  the  master  unit,  the  higher  the  noise 
level. 

Generally,  to  prevent  the  degrading 
effect  of  reflected  lights,  wavelength 
multiplexing  in  optical  region  or  multiple 
frequency  carriers  in  electrical  region 
are  useful.  The  properties  of  the  external 
loss  modulation  and  local  light  detection 
is  strongly  dependent  on  the  wavelength  of 
the  light  used.  Thus,  two  different  fre¬ 
quency  carriers  are  assigned  to  each 
master  unit  in  the  system.  The  master  unit 
includes  an  electrical  filter  to  exclude 
its  own  carrier  frequency  and  a  demodula¬ 
tor  for  amplitude  modulation  (AM)  signals. 

The  modulated  light  signal  from  the 
master  unit  should  be  demodulated  as  a 
baseband  signal  in  the  local  unit.  The  PAM 
method  is  adopted  because  the  PAM  signal 
can  be  demodulated  as  either  a  baseband 
signal  or  an  AM  signal. 

The  PAM  signal  from  the  master  unit  is 
demodulated  as  an  AM  signal  in  the  other 
master  unit  and  as  a  baseband  signal  in 
the  local  unit  as  shown  in  Fig. 5.  The 
external  loss  modulation  to  the  light 
pulses  from  the  master  unit  is  an  equiva¬ 
lent  effect  to  the  direct  modulation  of 
PAM  to  a  LD. 

The  carrier  of  pulses  has  harmonics  in 
frequency  region  shown  in  Fig. 6.  The  two 
carrier  frequencies  satisfies  the  follow¬ 


ing  relationship  to  simplify  thr  electri¬ 
cal  filters  in  master  units. 


fl 


f2  =  2 


3 


Local  Unit 


AM  Demodulation 

Fig.5  Demodulation  of  PAM  Signal 


Level 
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3.3  Bending  Width  Adiustment 
Fig. 7  shows  an  example  of  the  loss  curve 
of  a  single  mode  optical  fiber  to  the 
bending  width.  Generally  it  is  known  that 
the  curve  dose  not  show  a  simple  relation¬ 
ship.*^*  The  best  modulation  width  for  the 
external  loss  modulation  is  the  steepest 
and  most  linear  portion  of  the  curve.  The 
curve  is  dependent  on  the  fiber  parame¬ 
ters,  the  fiber  coating  materials  or  the 
condition  of  the  boundary  between  the 
glass  and  the  coating.  Each  fiber  has  a 
different  characteristic,  and  so  adjust¬ 
ment  of  bending  width  is  necessary  to 
obtain  the  optimum  point  for  the  modula¬ 
tion  index  and  linearity  of  the  external 
loss  modulation  in  the  local  unit. 


Fig  .7  Example  of  Fiber  Loss  vs.  Bending  Width 


4.  Prototype  System 

The  prototype  system  is  designed  to  be 
applicable  to  FITAS  (Fiber  Transfer  and 
Test  System)*^*  of  NTT.  The  target  fiber 
is  specified  to  be  a  single  mode  4-fiber 
ribbon  divided  into  2-fiber  ribbons  at 
1550  nm  wavelength. 


4.1  Master  Unit 

Fig. 8  shows  the  block  diagram  of  the 
master  unit.  The  frequencies  of  two  carri¬ 
ers  for  PAM  are  f2=33kHz  and  f2=50kHz  in 
the  prototype  system.  When  the  master  unit 
sends  carrier  fj^,  the  center  frequency  of 
the  electrical  band  pass  filter  (B.P.F.) 
is  automatically  switched  to  f2  to  allow 
the  detection  of  signals  from  the  other 
master  unit  which  sends  carrier  f2. 

The  light  emitting  device  is  an 
InGaAsP/InP  1550nm  LD  with  APC  (Automatic 
power  control)  and  temperature  control. 
The  light  detecting  device  is  a  small 
diameter  InGaAs  PIN-PD  used  together  with 
a  preamplifier  to  detect  the  carriers.  The 
optical  input/output  is  a  SC  type  optical 
connector . 

The  internal  electronic  circuit  includes 
an  automatic  range  control  function  and  an 
automatic  gain  control  function  for  opti¬ 
mal  signal  detection. 

The  outside  view  of  the  master  unit  is 
shown  in  Fig. 9. 


Fig.9  Outside  View  of  Master  ...nit 
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Fig.8  Block  Diagram  of  Master  Unit 
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4.2  Local  Unit 

Fig. 10  shows  the  block  diagram  of  the 
local  unit  and  Fig. 11  shows  the  outside 
view.  The  local  unit  includes  a  detachable 
attachment  for  setting  the  fiber  ribbon  to 
the  electromagnetic  vibrator.  The  local 
unit  requires  only  two  simple  operations 
of  setting  a  fiber  ribbon  onto  the  attach¬ 
ment  and  the  bending  width  adjustment. 

The  PD  for  the  local  light  detection  is  a 


open  and  the  pivot  is  out  of  the  line 
between  the  holders.  The  fiber  is 
stretched  and  slid  in  the  holder  until  the 
state  shown  in  Fig.l2-b.  Fig.l2-c  shows 
the  final  state  of  the  operations.  In  this 
way,  the  initial  sag  of  the  fiber  in  the 
state  of  Fig.l2-a  is  absorbed  by  this 
mechanism.  The  fiber  setting  operation  is 
completed  by  inserting  the  attachment  back 
into  the  local  unit. 


large  diameter  inGaAs  PIN-PD. 


Fig.  1 1  Outside  View  of  Local  Unit 


Fiber  Setting  Attachment 
The  attachment  holds  the  fiber  ribbon  and 
provides  a  secured  U-shape  bend  to  the 
fiber  ribbon  easily.  Fig. 12  shows  the 
operation  of  the  attachment.  The  attach¬ 
ment  consists  of  two  stages,  two  fiber 
holders  and  a  pivot.  The  stages  are  de¬ 
signed  to  rotate  about  the  pivot.  Flg.l2-a 
shows  the  initial  state,  the  stages  are 


Fig.  12  Operation  of  Attachment 
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Bending  Width  Adjustment 

The  local  unit  includes  a  test  tone,  a 
level  meter  and  a  moving  block  to  adjust 
the  fiber  bending  width  as  shown  in 
Fig. 10.  After  fiber  setting,  a  IkHz  test 
tone  is  applied  to  the  vibrator.  The  light 
from  the  master  unit  is  externally  modu¬ 
lated  by  the  test  tone  and  detected  by  the 
PD  in  the  same  local  unit.  The  level  meter 
indicates  the  detected  test  tone  level. 
The  fiber  bending  width  adjustment  is 
performed  such  that  a  maximum  level  of 
received  signal  is  indicated  in  the  level 
meter.  While  the  moving  block  is  under 
adjustment,  the  PD  is  slid  to  keep  the 
same  relative  location  to  the  top  of  the 
U-shape  bend  fiber. 

Electromagnetic  Vibrator 

The  electromagnetic  vibrator  shown  in 
Fig. 10  is  based  on  normal  audio  speakers. 
Fig. 13  shows  the  structure  of  the  vibrator 
used  in  the  local  unit.  The  vibrator 
consists  of  a  magnet,  a  moving  coil  and 
two  dampers.  The  two  dampers  realize  the 
efficient  vibration  of  Z-axis,  the  vibra¬ 
tions  of  X  and  Y-axis  do  not  contribute  to 
the  loss  modulation. 

The  vibration  amplitude  of  more  than  30um 
to  the  fiber  ribbon  is  obtained  at  IkHz 
with  this  violator. 


Ill 


Moving 

coil 


Optical  Fiber 


Magnet 

Fig.  13  External  Loss  Modulator 


Damper 


4.3  Repeater  Function 

The  repeater  function  of  the  master  unit 
enables  communication  between  a  master 
unit  and  local  units. 

Fig. 14  shows  the  operation  of  the  repeat¬ 
er  function.  Light  signal  from  the  master 
unit  A  is  attenuated  at  the  location  of 
the  local  unit  and  the  master  unit  B 
because  of  the  transmission  loss  of  the 
long  distance.  The  local  light  detection 
method  has  an  intrinsic  loss  called  cou¬ 
pling  loss  defined  in  the  next  section. 
This  coupling  loss  weakens  the  already 
attenuated  signal  received  at  the  local 
unit,  resulting  the  S/K  received  beyond 
satisfactory  level  for  communication.  On 
the  other  hand,  the  master  unit  B  can 
detect  enough  power  through  the  fiber  end 
and  demodulate  the  signal  with  sufficient 
S/N.  The  repeater  function  in  the  master 
unit  B  can  then  be  used  to  re-modulate  the 
demodulated  signal  from  the  master  unit  A, 
and  transmit  to  the  nearby  local  unit  at  a 
stronger  signal  level.  The  S/N  of  the 
local  unit  is  improved  in  this  way. 

This  function  is  also  effective  in  im¬ 
proving  communication  performance  of  the 
overall  system,  between  the  master  unit  to 
local  units  and  local  units  to  local 
units . 

5.  Properties  of  Prototype  System 
5.1  Properties  of  Local  Unit 

The  modulation  index  is  defined  as  shown 
in  Fig. 15.  The  local  unit  provides  about 
5%  modulation  index  when  the  fiber  bending 
width  is  more  than  20mm.  This  bending 
exerted  does  no  damage  to  the  fiber. 

Fig. 16  shows  the  definitions  of  the 
insertion  loss  and  the  coupling  loss  due 
to  the  local  light  detection.  P2  is  a 
portion  of  leaked  power  detected  by  the 
PD.  Insertion  loss  that  is  less  than  2dB 
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and  coupling  loss  averaging  20dB  are 
obtained  respectively  when  the  prototype 
local  unit  is  installed  onto  the  fiber. 
The  minimum  detectable  power  of  the  PD  is 
-48dBm  at  IkHz  with  20dB  S/N  for  a  trans¬ 
mitted  signal  of  5%  modulation  index.  So 
the  local  unit  requires  incoming  optical 
power  Pq  to  be  more  than  -48+20+l=-27dBm 
for  sufficient  communication  quality. 


Optical 

Power 
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Insertion  Loss  =  Po  -  Pi 
Coupling  Loss  =  Po  -  P2 


Pi 


V 

/  j  \ 


SMF 


P2 


P  D  nr 

Fig.  16  Loss  of  Local  Unit 


5.2  Dynamic  Range 

The  launching  optical  power  of  the  master 
unit  into  a  single  mode  fiber  is  more  than 
-7dBm,  and  the  minimum  detectable  power  is 
at  least  -45dBm  at  IkHz  with  20dB  S/N  for 
a  light  signal  of  5%  modulation  index.  The 
modulation  index  of  the  direct  modulation 
in  the  master  unit  is  set  to  5%,  same  as 
that  of  the  local  unit. 

The  dynamic  range  between  two  master 
units  is  -7- ( -45 ) -38dB,  and  the  dynamic 
range  from  a  master  unit  to  a  local  unit 
is  -7- ( -27 ) -20dB  according  to  the  above 
discussion.  However,  the  overall  system 
dynamic  range  is  still  38dB  as  the  repeat¬ 
er  function  can  be  used  to  compensate  for 


the  smaller  dynamic  range  of  the  local 
unit.  The  dynamic  range  is  independent  to 
the  number  of  operating  local  units. 


5.3  S/N  and  Distortion 
Fig. 17  and  Fig. 18  shows  the  typical 
frequency  characteristics  of  the  S/N  and 
distortion  of  a  40km  single  mode  fiber 
respectively  for  all  combinations  of  the 
master  and  the  local  units.  The  degrada¬ 
tion  of  the  characteristics  from  2kHz 
onwards  is  due  to  the  electrical  B.P.F. 
used  in  each  unit.  Compared  with  the 
direct  modulation,  the  linearity  and 
modulation  index  of  the  external  loss 
modulation  are  inferior,  which  influences 
the  characteristics  of  the  local  to  master 
and  of  the  local  to  local  units. 
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Fig.  18  Distortion  vs.  Frequency 
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6.  Conclusion 

The  availability  of  the  external  loss 
modulation  applied  to  the  talk  system  is 
proven  by  the  prototype  system  designed  in 
this  paper. 

For  the  present,  the  system  is  suitable 
for  optical  cable  maintenance  systems  that 
can  equip  two  master  units  in  telephone 
stations  permanently. 

By  modifying  the  system  for  better  per¬ 
formance  and  increasing  the  number  of 
applicable  fibers,  the  system  described  is 
expected  to  be  an  essential  instrument  in 
optical  fiber  systems. 
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Abstract  We  have  developed  a  new  method  of  local 
amplitude  modulation  using  the  bending  loss  property  of 
optical  fiber  without  cutting  the  fiber.  It  is  shown  that  a  high 
modulation  index  is  obtained  by  choosing  the  optimum 
bending  radius  with  low  insertion  loss.  Using  this 
technology,  we  have  fabricated  a  talk  system  among  six 
intermediate  points  and  the  ends  of  an  80-km-long  optical 
transmission  line. 


1,  Introduction 

Non-mctallic  optical  fiber  cables  that  have  the  advantage 
of  being  induction-free  and  lightweight  are  used  for 
subscriber  loops  and  trunk  communication  lines''"^i.  During 
cable  installation  and  maintenance,  it  is  often  necessary  to  be 
able  to  talk  via  the  optical  fiber.  This  is  usually  performed 
by  cutting  the  optical  fiber  to  send  and  detect  a  signal  light. 
TTiis  method,  however,  requires  fusing  the  optical  pigtail 
cords  with  optical  connectors,  which  takes  a  long  time  and 
reduces  operational  efficiency.  Therefore,  there  is  a  need  to 
be  able  to  talk  from  any  point  without  cutting  the  fiber.  We 
have  theoretically  shown  that  bending  loss  is  proportional  to 
small  changes  in  the  bending  radius  for  a  U-bend  optical 
fiber.  Using  this  property,  we  propose  the  local  amplitude 
modulator  to  enable  non-destructive  operation  of  an  optical 
flber  which  is  transmitting  light  signal.  This  paper  discusses 
amplitude  modulation  characteristics  using  the  radius 
changes  of  a  U-bend  fiber. 


2.  Modulation  Principle 

It  is  well  known  that  the  fiber  bending  loss  is  larger  when 
the  bending  radius  is  smaller.  Figure  1  shows  the  general 
dependence  of  the  transmitted  optical  power  through  the 
flixT  on  bending  radius.  The  transmitted  optical  power  can 
be  changed  by  variations  of  the  bending  radius,  and 
modulated  by  input  vibration  signals.  This  property  enables 
local  amplitude  modulation  without  cutting  the  fiber. 
However,  the  bending  loss  characteristics  needs  to  be  linear 
for  high  modulation.  The  fiber  bending  loss  characteristics 
is  therefore  an  important  factor  for  the  amplitude  modulation. 


Fig.  1 .  Amplitude  modulation  principle. 


3.  Fiber  Bending  Loss  Characteristics 

In  order  to  modulate  the  transmitted  light  using  the 
bending  loss  changes,  we  have  to  investigate  the  fiber 
bending  loss  characteristics  in  detail.  In  this  section,  we  indi¬ 
cate  the  experimental  results  for  the  dependence  of  fiber 
bending  loss  on  bending  radius. 

3-1  Experimental  Results 

Figure  2  shows  the  theoretical  bending  loss 
characteristics'-’i.  The  fiber  u.sed  is  a  step-index  single-mode 
(SM)  optical  fiber  for  1.3-//m  wavelength,  where  the 
mode-field  diameter  2IF  is  9.5  tim  (at  A  =1.3  fjtm),  the 
effective  cut-off  wavelength  is  1.29  tim  ,  and  the 
refractive  index  difference  A  is  0.28%.  The  incident  light 
wavelength  is  1.55  ^iiw,  because  1.55-x//n-  wavelength  light 
transmitted  in  a  13- pun  SM  fiber  radiates  in  a  simple  way 
fi'om  the  bending  region.  The  insertion  los.sc.s  are  calculated 
on  the  assumption  that  the  fiber  is  bent  into  a  U -shape  to 
make  it  easy  to  change  the  radius.  The  calculated  bending 
loss  characteristics  decrease  exponentially  when  the  bending 
radius  is  large.  Amplitude  modulation  by  changing  the 
bending  radius  needs  linearity  of  the  bending  Krss 
characteristics.  The  calculated  curve  is  ideal  for  mtxlu- 
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Fig.  2.  Theoretical  bending  loss  characteristics. 


Fig.  3.  Measured  results  for  dependence  of  insertion  loss  on 
bending  width. 


lating  easily  without  the  need  fur  careful  adjustment  of  the 
bending  radius. 

However,  the  measured  results  of  the  bending  loss 
characteristics  have  a  few  dips  and  peaks  as  shown  in  Fig.  3, 
for  a  used  fiber  with  the  same  parameters  as  used  for  the  cal¬ 
culated  results  in  Fig.  2,  and  the  incident  light  wavelength  is 
1.55  fim.  These  dips  and  peaks  may  cause  distorted 
modulation  waveforms.  We  discuss  the  generation 
mechanism  of  these  dips  and  peaks  in  section  3-2. 

3-2  Mechanism  of  Dip/Peak  Generation 

The  mechanism  of  dip/peak  generation  in  the  fiber 
bending  loss  characteristics  is  discussed  in  Rcf.|4|(5).  Here, 
we  discuss  the  mechanism  applied  to  a  U-bend  fiber.  In 
general,  the  fiber  bending  losses  arc  divided  into  radiation 
loss  and  a  mode-transfer  loss.  Figure  4  shows  the  behavior 
of  the  mode -transferred  light.  The  transmitted  light  through 
the  straight  region  of  the  cure  is  radiated  to  the  cladding,  and 
transferred  to  non-tiansmitted  light  at  the  changing  point  of 
curvature.  When  the  mode-transferred  light  arrives  at  the 
inner  wall  of  the  cladding,  a  part  of  it  is  radiated  out  of  the 
cladding,  and  the  other  part  is  reflected  in  the  cladding.  The 
reflected  light  is  transmitted  in  the  cladding  until  the  next 
arrival  at  the  inner  wall  of  the  cladding.  This  multi-reflection 
continues  transmission  in  the  cladding  of  the  bent  region. 
The  multi-reflected  light  arriving  at  the  next  change  in 
bending  curvature  is  again  coupled  to  the  transmitted  mode 
under  the  condition  of  a  specific  bending  width  as  shown 
in  Fig.  4(b).  The  angle  between  the  start-point  of  U-bend 
and  the  point  on  the  inner  wall  where  mode-transferred  light 
initially  arrived  is  0  .  Therefore  the  angle  of  the  multi¬ 
reflection  cycle  is  2d  ,  if  the  bending  shape  is  a  true 
semicircle.  The  requirement  for  coupling  the  transmitted 
mode  at  the  end-point  of  the  bending  region  is 

n  =  2Me 

=  2Mcos-^{R/(R+r)} 

=  2Mcos-*{f /(i+2r)} ,  (1) 

where  R  is  the  bending  radius,  r  is  the  fiber  cladding  radius, 
L  is  the  bending  width,  and  M  is  the  number  of  reflections  in 


(b) 


Fig.  4  Miilri-reflected  light  behavior  in  the  bending  region, 
(a)  Radiation  condition,  (b)  Coupling  condition. 


the  bending  region.  When  the  bending  radius  R  satisfies 
with  Eq.  I,  the  multi-reflected  light  is  coupled  with  the 
transmitted  mode.  This  causes  the  dips  to  be  generated  on 
the  curve  in  Fig.  3.  Figure  5  shows  the  coupling  condition 
calculated  from  the  relationship  between  the  bending  width  L 
and  the  multi-reflection  number  M.  The  reflection  numbers 
M  are  from  13  to  17  times  between  the  bending  widths 
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L=15  and  30  mm.  We  estimate  that  the  coupling  conditions 
are  satisfied  4  or  5  times  between  these  bending  widths. 
These  values  correspond  with  the  number  of  dips  measured 
in  Fig.  3.  These  dip/p)eak  characteristics  depend  on  the  fiber 
cladding  radius  and  fiber  coating  materials.  The  fiber 
structure  parameters  such  as  mode-field  diameter  and 
relative  refractive  index  difference  are  unrelated  to  these 
dip/pcak  characteristics.  The  generated  positions  of  these 
dips/peaks  arc  irregular,  but  the  generated  interval  between  a 
dip  and  a  peak  is  identical  with  the  characteristics  of  any 
other  fiber.  Therefore,  we  can  avoid  using  bending  widths 
that  are  difficult  to  modulate,  by  changing  the  longer  bending 
width  rather  than  the  dip/peak  interval. 


4.  Structure  of  Local  Modulator  and  Detector 
4-1  Local  Modulator 

The  structure  of  an  optical  fiber  local  amplitude 
modulator  is  shown  in  Fig.  6.  An  optical  fiber  is  bent  into  a 
U-shape,  between  the  diaphragm  and  the  stationary  plate, 
with  fiber  bending  width  L.  The  stationary  plate  pos.sesscs  a 
fine  adjustment  knob  used  to  adjust  the  bending  width  L  to 
the  best  position.  The  diaphragm  is  vibrated  by  the 
electromagnetic  transducer  which  uses  an  audio  speaker. 
When  the  voice  band  signals  arc  put  into  the  electromagnetic 
transducer,  the  diaphragm  vibrates  and  L  is  changed  micro¬ 
scopically  by  the  input  voice  band  signal  frequency  /. 
Therefore,  the  transmitted  light  through  the  fiber  is 
modulated  as  shown  in  the  previous  chapter. 

4-2  Local  Detector 

We  also  need  a  technique  which  can  locally  detect  the 
transmitted  light  signals  from  other  points  without  cutting  the 
fiber.  The  local  detection  technique  is  achieved  by  an  optical 
identification  systcm>‘ii'L  However,  the  bending  shape  using 
the  optical  fiber  identification  system  is  different  from  a  U- 
bend.  Therefore,  we  investigated  suitable  positions  for 
detecting  radiated  light  from  a  U-bend  fiber.  Figure  7  shows 
the  measured  results  of  the  coupling  loss  j]  ,  which  is  the 
ratio  of  transmitted  to  radiated  optical  power.  The 
photodetector  was  an  InGaAs-photodiodc  with  a  diameter  of 
3  mm.  The  results  showed  that  positioning  the  photodetector 
at  the  center  of  the  top  of  the  U-bend  fiber  provides  the 
smallest  coupling  loss,  and  enables  efficient  detection.  The 
coupling  loss  n  is  then  approximately  20  dB. 


5.  Modulation  Characteristics 


5-1  Theory 

The  non-destructive  fiber  amplitude  modulator  is  ba.scd 
on  the  principle  that  the  U-bend  width  vibration  changes  the 
transmitted  optical  power.  When  the  amplitude  of  the 
diaphragm  is  A  mm,  and  the  bending  loss  slope  for  the 
bending  width  L  is  daldL  dB/mm,  the  bending  loss 
difference  A  a  is  given  by 

Aa={da/dL)A.  (2) 

When  the  maximum  optical  power  of  the  modulated  light 


Fig.  5.  Calculated  condition  for  the  transmission  mode. 
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Fig.  6.  Structure  of  non-destructive  optical  fiber  modulator 
and  detector. 
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Fig.  7.  Mea.surcd  coupling  loss  for  the  light  radiated  from  the 
bending  region. 


International  Wire  &  Cable  Symposium  Proceedings  1992  99 


Fig.  8.  Dependence  of  modulation  index  on  amplitude. 


signal  is  P, ,  minimum  optical  power  is  P2 ,  and  the  average 
power  is  P„ ,  the  modulation  index  m  is  given  by 

m={PrP2)l2Po 

(3) 

Figure  8  shows  the  dependence  of  the  modulation  index  m  on 
amplitude  calculated  using  Eq.  3.  In  order  to  get  a 
modulation  index  m-2%  when  daldL=\  dB/mm,  the 
amplitude  A  has  to  be  larger  than  250  ii  m. 

The  measured  amplitude  A  of  the  diaphragm  is  shown  in 
Fig.  9.  When  the  vibration  frequency  /  increases,  the 
amplitude  A  decreases.  A  is  100  /r  m  at  f=l  kHz.  Comparing 
with  the  results  of  Fig.  8,  it  is  found  that  m  is  approximately 
1%  at  daldL-l  dB/mm. 

5-2  Experimental  Results 

Figure  10  shows  the  measured  and  calculated 
characteristics  of  bending  loss  a  and  modulation  index  m, 
where  the  modulation  index  is  measured  at  /=1  kHz.  The 
measured  bending  loss  characteristic  has  a  few  dips  and 
peaks.  It  is  clear  that  m  increases  when  daldL  increases. 
The  measured  results  are  identical  with  this  trend.  In  the  case 
of  .4  of  the  diaphragm  is  lOOyU/w  at  /=!  kHz  obtained  in  Fig. 
9,  the  modulation  index  m  calculated  from  the  measured 
results  in  Fig.  10(a)  are  shown  by  the  dotted  line  in  Fig. 
10(b).  This  is  not  identical  with  the  measured  characteristics. 
The  amplitude  A  which  fits  the  measured  result  is  900  tim  as 
shown  by  the  dash  dotted  line.  Therefore  the  U-bend  fiber  is 
found  to  vibrate  with  an  amplitude  of  900  iim  for  100  Pfn 
ampli  ude  of  diaphragm  vibration.  This  result  expects  the  U- 
bend  fiber  to  jump  without  following  the  vibration  of  the 
diaphragm.  Consequently  a  higher  modulation  index  can  be 
obtained  by  jumping  of  the  U-bend  fiber  vibration. 

On  the  other  hand,  Fig.  10(c)  shows  the  modulation  index 
m  calculated  using  ,4=900  fim  by  the  theoretical  loss 
characteristics  in  Fig.  10(a).  The  measured  maximum 
modulation  index  m  (=5.5%)  is  larger  than  the  calculated 
values.  Therefore,  it  is  clear  that  a  higher  miKlulation  index 
than  the  theoretical  modulation  index  is  achieved  effectively 
by  utilizing  the  dip/pcak  characteri.stics. 


Frequency  f  (Hz) 

Fig.  9.  Dependence  of  diaphragm  amplitude  on  vibration 
frequency. 


Bending  Width  L(mm) 


Fig.  10.  Relationship  between  the  bending  loss  and  the 
modulation  index,  (a)  Dependence  of  the  bending  loss  on 
bending  width,  (b)  Measured  and  calculated  mrxlulation 
index,  (c)  Modulation  index  calculated  from  theoretical 
bending  loss. 
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Fig.  11.  Construction  of  optical  talk  system. 


6.  Optical  Talk  System 

6-1  Construction 

In  this  section,  the  optical  talk  system  of  a  non-destructive 
optical  fiber  talk-set  using  the  optical  fiber  amplitude 
modulator  is  explained. 

The  construction  of  the  talk  system  is  shown  in  Fig.  11. 
This  system  uses  an  optical  fiber  for  1.3  /t/w-wavelength. 
1.55  //m-wavelength  light  is  transmitted  from  both  terminal 
network  centers  which  are  at  the  ends  of  the  fiber.  At  an 
intermediate  point  such  as  a  manhole,  the  Intermediate  talk- 
set  is  mounted  by  bending  the  fiber  into  a  U-shape  without 
cutting.  The  terminal  setup  has  a  repeater  function  which 
sends  the  restored  and  amplified  light  signals  into  the  same 
fiber.  This  function  is  effective  in  obtaining  a  good 
signal/noise  (S/N)  ratio.  This  system  has  been  used  to  talk 
between  network  centers  and  manholes. 

6-2  Talk  Characteristics 

The  S/N  ratio  characteristics  using  the  optical  talk  system 
are  evaluated.  The  measured  characteristics  show  the 
dependence  of  S/N  ratio  on  optical  line  loss.  In  order  to 
avoid  S/N  decrease  caused  by  the  reflected  light  at  fiber  end 
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Optical  Line  Loss  (cfB) 

Fig.  12.  Dependence  of  S/N  ratio  on  optical  transmission  line 
loss. 


faces,  optical  line  losses  vary  by  changing  the  bending  radius 
at  an  intermediate  point  of  the  fiber. 

Figure  12  shows  the  experimental  results  for  S/N  ratio 
measured  using  this  optical  talk  system.  Lines  A,  B,  and  C 
indicate  the  S/N  ratios  from  a  network  center  to  a  manhole, 
from  a  manhole  to  a  network  center,  and  between  network 
centers,  respectively.  However,  the  repeater  of  both  tenninal 
setups  is  not  used.  The  humps  of  these  characteristics  are 
caused  by  changing  the  detection  sensitivity  at  the  terminal. 

The  minimum  S/N  ratio  for  a  satisfactory  signal  during 
cable  installation  and  maintenance  work  is  experimentally 
obtained  5  dB.  At  5  dB,  the  optical  transmission  line  losses 
of  A,  B,  and  C  are  24.2,  35.8,  and  38  dB,  respectively. 
Assuming  that  the  fiber  line  loss  including  splice  losses  is 
estimated  to  be  0.35  dB/km  at  1.55  ;u/n-wavelength,  the 
optical  transmission  line  loss  (24.2  dB)  of  the  characteristics 
A  is  equivalent  to  70-km  line  kngth.  Assuming  that  the 
maximum  insertion  U-bend  loss  of  an  intermediate  point  is 
1.5  dB,  the  line  loss  increases  by  9.0  dB  for  six  intermediate 
points.  Therefore,  the  applied  optical  transmission  line  loss 
is  15.2  dB.  This  value  is  equivalent  to  43  km  of  optical  line 
length.  A  longer  optical  line  can  be  used,  if  a  terminal-type 
repeater  is  used.  Using  the  repeaters,  it  is  possible  to  talk  at 
any  points  within  the  43  km  area  from  a  terminal  network 
center,  because  the  light  signals  sent  from  a  terminal  network 
center  or  intermediate  points  are  detected  at  other  terminal 
network  center,  and  again  sent  to  the  same  fiber.  Therefore, 
six  intermediate  points  can  be  set  up  an  optical  transmission 
line  of  over  80  km. 

Table  1  shows  the  performance  characteristics  of  the 
sy.stcm. 

7.  Conclusion 

We  have  developed  a  new  amplitude  modulator  that  can  be 
used  at  any  point  along  on  optical  fiber  without  cutting  the 
fiber.  The  required  modulation  index  of  this  modulator  is 
obtained  by  choosing  the  optimum  bending  width  with  low 
insertion  loss.  Talk  systems  using  the  proposed  modulator 
enables  conversation  among  the  workers  at  six  intermediate 
points  and  at  both  ends  of  an  80-km  optical  transmission  line. 
This  non-de.structivc  optical  fiber  talk-set  will  be  used  on 
local  area  network  system  after  further  investigations  of  the 
bending  characteristics  and  system  construction. 
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Table  1  Performance  of  the  talk  system. 


Fiber  :  Single-mode  fiber  for  1.3-^ 

Line  length 

m-wavelength  use 
<  80  km 

Terminal  setup  !  Output  wavelength 

1 .55  m 

Output  optical  power 

-4  dBm 

Intermediate  setup  insertion  loss 

<  1.5  dB 

Coupling  loss 

20  dB 

Maximum  number  used 

<  6 
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Abstract 

As  the  traffic  density  and  numbers  of  fiber-optic  long-haul 
communications  networks  increase,  so  does  the  need  to  promptly 
identify  and  repair  total  or  partial  Hber-opdc  cable  cuts.  In 
response  to  increasing  demands  to  minimize  network  downtime, 
an  optimal  restoration  strategy  has  been  implemented  for 
AT&T’s  fiber  network.  Key  to  this  restoration  strategy  is  a 
restoration  kit  which  includes  a  36-fiber  lightweight  bridging 
cable  with  two  closures  attached,  splices,  and  all  necessary 
sheath  access  and  splicing  hand  tools. 

Unique  additions  to  this  300LG  RESTORATION  KIT  are  a 
second-generation  Fiber  Identifier  and  a  Go^o-Go  splice 
verifier.  The  9S6A  Fiber  Identifier  provides  positive  directional 
identification  of  fibers  operating  at  1310  nm  and/or  1550  nm 
with  an  insertion  loss  well  below  1  dB.  The  splice  verifier, 
integrated  into  a  splice  workstation,  utilizes  the  1310  nm  or 
1550  nm  regenerator  signal  to  verify  that  splice  loss  is  below  a 
preset  maximum  value.  Unlike  fiber  macro-bending  devices,  the 
955A  Verifier  takes  advantage  of  the  relationship  between 
scattered  infrared  light  and  actual  splice  loss  in  an  optically 
clear  mechanical  splice. 

Introduction 

Since  the  Erst  telephone  "network"  formally  opened  on  January 
28,  1878  in  New  Haven,  Connecticut  serving  21  customers', 
service  interruption  from  natural  or  manmade  causes  has  been 
of  concern  to  the  telecommunications  industry.  As  the  outside- 
plant  transmission  media  evolved  from  iron  and  steel  open  wire 
to  paired  copper  cable  and  coaxial  cable  with  analog  and  digital 
carrier  systems,  higher  traffic  densities  increased  concerns  of 
catastrophic  cable  damage.  These  concerns  have  intensified 
because  present-day  fiber-optic  long-haul  networks  with  extreme 
traffic  densities  make  service  interruption  a  very  serious  event 
causing  encnmous  revenue  losses  and  dissatisfied  customers. 

Reducing  the  impact  of  cable  damage  has  been  accomplished  by 
providing  clearly  marked  routes,  regular  close  surveillance, 
electrical/mechanical  protection,  redundant  routes,  and  faster 
more-efficient  fiber/cable  restoration.  AT&T  Network  Services 
Division  (NSD),  the  "long-lines”  of  AT&T,  has  formal 
guidelines  for  cable  resttHation  that  are  detailed  in  a 


comprehensive  restoration  handbook.  This  document  covers  all 
aspects  of  cable  restoration:  training,  responsibilities,  safety, 
communications,  test  sets  and  the  most  efficient  procedures  to 
for  repair.  Complementing  this  restoration  handbook  is  the 
"500LG  LIGHTGUIDE  CABLE  RESTORATION  KIT’  which 
provides  a  36-fiber  lightweight  bridging  cable  on  a  rapid 
deployment  spool  with  closures,  mechanical  splices  and  all 
necessary  tools  for  achieving  a  restoration. 

In  a  restoration,  the  first  activities  performed  (after  establishing 
communications  and  preparing  the  site)  are  to  identify  any 
remaining  active  fibers  and  then  to  splice  in  the  bridging  cable 
across  the  break.  After  all  disrupted  fibers  have  been  re-joined, 
successfully  restored  fibers  and  non-successfully  restored  fibers 
are  identified,  and  troubleshooting  begins  on  those,  which  for  as 
yet  undetermined  reasons,  have  not  returned  to  service.  It  is  this 
activity,  identifying  the  causes  of  failure  to  return  to  service, 
that  may  cause  additional  serious  delays  in  restoring  full 
service.  Of  course,  the  most  likely  possibilities  for  trouble  are 
the  two  bridging  splices  -  new  additions  to  the  path.  Or,  the 
splices  may  be  good  and  the  end  terminations,  which  have  been 
disturbed  during  the  repair  sequence,  are  now  defective. 

NSD  has  commissioned  the  design  and  develc^iment  of  test  sets 
to  complement  the  500LG  for 

•  Identifying  active  fibers  and  direction  of  traffic  without 
causing  damage  to  the  fiber  or  loss  of  traffic. 

•  Verifying  that  the  splice  losses  of  the  bridging  cable 
splices  are  less  than  1  dB  each. 

•  Having  sufficient  compactness  to  fit  into  the  5(X)LG 
restoration  kit. 

This  paper  presents  an  overview  of  the  500LG  Restoration  Kit 
and  the  two  new  test  sets  that  satisfy  and  exceed  NSD's  network 
requirements. 

500LG  Liehtguide  Restoration  Kit 

The  500LG  is  designed  for  temporary  restoration  and  protection 
of  a  damaged  fiber-optic  cable.  This  kit,  shown  below  in  Figure 
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1,  as  presently  used  by  NSD,  has  all  tools  and  consumables 
needed  to  perform  up  to  a  72-fiber  repair  except  for  fiber 


Figure  1  -  500LG  Lightguide  Restoration  Kit 

Outside-plant  technicians  are  equipped  with  a  5001X3  containing 
a  500-feet  36-fiber  cable  stored  on  a  rapid-deployment-reel  fixed 
on  both  ends  with  temporary  closures.  Figure  2  shows  the  fiber 
reel  positioned  on  the  spin^e  ready  for  deployment. 


Figure  2  -  Bridging  Cable  Deployment 

Included  in  the  500LG  are  assorted  tools,  ropes,  turn-buckles, 
and  other  miscellaneous  accessories  selected  to  perform  the 
restoration  operation.  Also  included  are  a  VHS  video  tape  and 
instruction  manual  showing  restoration  methods  for  a  total  cable 
failure  with  no  slack,  total  cable  failure  with  slack,  and  partial 
cable  failure  (taut-sheath). 

The  temporary  closures  wganize,  store  and  protect  up  to 
seventy-two  fiber  splices  while  strain  relieving  the  36-fibcr 
cable.  Figure  3  is  a  diagram  of  organized  splices  in  a  typical 
restoration  of  a  total  cable  failure  with  slack.  When  two  kits  are 
available,  the  two  36-fiber  cables  can  be  combined  into  one  set 
of  closures  to  make  a  total  72-fiber  repair.  For  NSD’s  network, 
however,  thirty-six  fibers  will  suffice  in  the  majority  of  the 
restoration  occurrences. 


Figure  3  •  Typical  Closure  Arrangement 


Customer  Requirements  -  Splice  Verifier/Fiber  Identifier 


Prior  to  the  development  of  splice  verifier  and  fiber  identifier, 
AT&T  Bell  labs  and  AT&T  Network  Cable  Systems  (NCS)  met 
with  NSD  to  determine  the  requirements  for  these  new  test  sets. 
They  are  listed  in  Tables  1  and  2. 


Table  1 

Verifier  Functional  Requirements 

Operation 

Use  Regenerator  traffic  or  idle 
signal  as  source 

Acceptable  or  unacceptable 
indication  only  (Go/No-Go) 

Self-test  function 

Low-battery  indication 

Unit  must  retrofit  into  the 

500LG  Restoration  Kit 

Dynamic  Range 

0  dBm  to  -30  dBm 

Operating  Wavelength 

1300  nm  and  1550  nm 

Operating  Temperature 

-20*C  to  50*C  (95%  R.H.) 

Storage  Temperature 

-40’C  to  60*C  (80%  R.H.) 

Power 

Standard  Alkaline  batteries 
(minimum  8  hour  operation) 

Weight 

^  5  pounds 
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Table  2 

Identifier  Functional  Requirements 

Operation 

No  traffic  indication  at 
^  -35  dBm 

Trafilc  and  direction  at 
>  -25  dBm 

2  KHz  tone  indication 

low- battery  indication 

self-test  indication 

Easy  fiber  access  into  taut- 
sheath  entry  Q 

Unit  must  retrofit  into  the 

500LG  Restoration  Kit 

Insertion  loss 

<  1.0  dB  at  1310/1550  nm 

Operating  temperature 

-20'C  to  50*C  (95%  R.H.) 

Storage  temperature 

-40‘C  to  60*C  (80%  R.H.) 

Power 

Standard  Alkaline  batteries 
(minimum  8-hour  operation) 

Weight 

^  2  pounds 

Table  3 


Method 

— > 

Macro-bend 

Technology 

Scattered-light 

Technology 

Description 

Controlled  fiber 
bends  on  either 
side  of  splice. 
Difference  between 
signal  levels  should 
be  representative  of 
splice  loss. 

Fiber  core 
misalignment 
results  in  light  lost 
or  scattered  from 
the  junction. 

Amount  of 
scattered  light  is 
proportional  to 
splice  loss. 

Advantages 

May  be  used  for 
any  splice, 
mechanical  or 
fusion. 

Insensitive  to  fiber 
color  or  fiber 
parameters.  This 
is  a  proven 
technology  used 
with  the  AT&T 
Rotary  splice. 

Disadvantages 

Detected  core 
power  is  subjected 
to  fiber  parameters 
and  coating 
colorants. 

Expensive 
electronics  and 
hardware  is 
required.  Costly. 

All  splice 
components  must 
be  clear  in  order 
to  pass  scanered- 
light  signal. 

To  keep  costs  as  low  as  possible  and  to  utilize  the  transparency 
of  some  available  mechanical  splices,  it  is  technologically 
prudent  to  choose  scattered-light  technology  and  the  CSL 
LightSplice™  *  for  the  verifier  for  NSD. 


Preliminary  Development 


955A  Splice  Verifier 
Preliminary  Design  Considerations 

AT&T  Bell  Laboratories  has  inyestigated  macro-bend  and 
scattered-light  methods  to  locally  measure  and  yerify  splice  loss. 
Following,  in  Table  3,  are  some  of  the  more  significant 
adyantages  and  disadvantages  of  each  of  these  two  methods. 


Previously,  scattered-light  measurements  for  Rotary  Mechanical 
Splices  were  readily  accomplished.  As  is  shown  in  Figure  4, 
light  scattered  fiom  this  splice  follows  a  repeatable,  slightly 
diverging,  uniform  pattern  from  the  transparent  splice  housing. 


Figure  4  -  Scattered  Light  From  The  Rotary  Splice 
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In  fact,  observation  with  infrared  devices  show  a  uniform 
annulus  of  constant  shape  at  the  rear  of  the  splice  housing.  The 
intensity  of  this  ring  is  directly  proportional  to  splice  loss  and 
the  detector,  placed  on  axis  with  the  splice,  collects  a  calibrated 
portion  of  the  scattered  light.  The  ratio  of  the  collected 
scattered  light  to  the  reference  measurement  taken  before  the 
splice  ferrules  are  assembled  is  the  Rotary-Splice  local  splice- 
loss  measurement. 

An  infrared  vision  system,  set  up  in  the  laboratory,  showed, 
however,  that  the  scattered  light  from  a  CSL  splice  is  not 
uniform.  Instead,  scattered  light  exits  at  various  positions  and 
angles  at  the  end  of  the  clear  housing. 

Figure  5  shows  infrared  photographs  of  two  CSL  splices  with 
similar  splice  losses  and  identical  input  power  levels  at  1310  nm 
wavelength.  Note  the  differences  in  the  patterns  and  light 
concentrations. 


1.08  dB  1.11  dB 


Figure  5  -  Scattered  1310  nm  Light  From  CSL  Splices 


Figure  6  -  CSL  Lightpipe  Collector 


Verifier  Mechanical  Design 


The  lightpipe  technique  is  used  in  the  955A  CSL  Splice  Verifier 
which  is  shown  without  its  case-cover  in  place  in  Figure  7.  The 
955 A  consists  of  a  basic  CSL  workstation  with  splice  holder  (1), 
fiber  grips  (2)  and  spring  closing  lever  (3).  The  955A  differs 
mechanically  from  a  standard  workstation  by  its  ambient  light 
cover  and  b^fle  arrangement  The  lightpipe  (4)  is  housed  in  a 
protective  fiber-guiding  pivoted  sleeve.  Pivoting  allows  a  slot 
in  the  lightpipe  to  align  with  the  entrance  to  the  splice  for  fiber 
insertion.  When  the  lever  is  closed  to  engage  the  splice’s  fiber- 
retention  spring,  the  lightpipe  pivots  to  align  axially  with  the 
end  face  of  the  splice  to  complete  the  scattered-light 
measurement. 


Further  investigations  showed  that  the  radiation-pattern 
differences  from  splice-to-splice  were  caused  by  slight  variations 
in  the  position  of  the  glass  capillary  within  the  splice  housing, 
index-matching-grease  placement,  the  complex  geometry  of  the 
clear  CSL  housing  (compared  to  the  cylindrical/symmetrical 
Rotary  Mechanical  Splice)  and  the  longitudinal  location  of  the 
cleaved-fiber  joint  within  the  splice.  These  patterns,  do  not 
measurably  shift  due  to  changes  in  wavelength  or  power  levels. 

It  was  clear  that  sufficient  scattered  power  was  available,  but 
some  focus  or  guidance  was  needed  to  collect  the  light  in  a 
repeatable  calibrated  way. 

The  most  efticient  and  mechanically  simple  method  for  this 
proved  to  be  a  plastic  lightpipe  closely  abutting  the  CSL  splice. 


2 


Rgure  6  shows  the  lightpipe  aligned  with  the  splice  and  a 

graphical  representation  of  the  scattered  light  "pinballing"  Figure  6  -  955A  CSL  Splice  Verifier 

thrwgh  the  housing  and  guided  by  the  plastic  lightpipe. 
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The  hinged  covered  Reference  Module,  (5),  is  fitted  with  a  fiber 
V-groove  with  fiber-coating  stop  to  correctly  position  the  active 
fiber  to  take  a  signal  (source)  reference  level.  This  reference 
signal  is  used  to  determine  the  appropriate  threshold  for 
subsequent  pass/fail  determination. 

Verifier  Electronics 


The  control  panel,  Figure  7,  has  two  switches:  POWER  off/on, 
and  REF  START  (Reference  Start).  The  bank  of  LED 
indicators  show  power  on,  low-battery  condition,  self-test 
operation,  reference  pass  (sufficient  fiber  signal)  and  splice 
pass/fail  indication. 
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Figure  7  •  Control  Panel 


Reinforcing  the  LED  indications  are  tone  sequences  for  self-test 
pass/fail,  proper  reference  signal  between  0  and  -30  dBm,  and, 
ultimately,  splice-loss  pass  or  fail. 

A  microprocessor  controls  the  operations  of  the  95SA.  This  8- 
bit  microcontroller  allows  the  designers  to  change  the 
(^rational  sequence,  measurement  and  go/no-go  calculations  for 
optimum  performance  and  to  suit  customer  needs. 


Verifier  Operation 

The  primary  design  intent  for  the  CSL-splice-verifier  Operation 
was  to  enable  the  restoration  splicer  to  quickly  and  simply 
determine  that  the  subject  splice  was  of  sufficiently  low  loss  to 
permit  system  operation  without  needing  time  consuming  meter 
or  display  interpretations.  Additionally,  if  a  splice-fail  condition 
exists,  the  verifier  allows  the  splicer  to  reposition  the  fibers  in 
the  splice  and  re-test  quickly  using  the  existing  splice  without 
recleaving,  re-referencing  or  performing  any  other  time- 
consuming  procedures. 

Briefly,  the  (^ration  of  the  9S5A  is  as  follows: 

1.  Lower  the  lever  doeiiig  the  cover  and  turn  the 
power  on  -  This  blocks  ambient  light  and  starts  and 
completes  the  self-test  sequence. 

2.  Cleave  and  strip  the  active  fiber  and  insert  into  the 
reference  module  -  To  correctly  align  with  the  reference 
photodiode. 

3.  Press  the  REF  START  button  -  If  the  signal  level  is 
between  0  dBm  and  -30  dBm,  the  REF  PASS  LED  will 
illuminate  and  this  level  will  be  retained  by  the 
processor. 


4.  Insert  both  the  fibers  into  the  CSL  Splice  -  Using 
standard  fiber  preparation,  insertion  and  fiber  bowing 
procedures, 

NOTE:  Since  the  CSL  LightSplice  is  transparent, 

fiber  insertion  and  contact  is  visible  and 
magnified  by  the  lensed  housing. 

5.  Close  the  lever/cover  to  engage  the  fiber  retention 
spring  '  This  will  complete  the  splice  and  signal  the 
processor  to  begin  the  scaneied-light  measurement 
sequence.  A  calculation  comparing  the  average  of  thirty- 
two  scattered  light  measurements  to  the  stor«l  reference 
measurement  will  determine  splice  pass/fail. 


»  SPLICE  PASS  LED  Dluminates  •  In 
conjunction  with  a  single,  short  tone  indicates 
that  a  satisfactory  splice  has  been  made.  The 
REF  PASS  LED  will  extinguish  and  the  955A  is 
set  to  make  the  next  splice. 

»  SPLICE  PASS  LED  Unlit  -  In  conjunction 
with  three,  short,  rapid  tones  indicates  that  the 
splice  is  unsatisfactory.  The  processor  will  retain 
the  reference  level  as  indicated  by  the  REF  PASS 
LED  remaining  on.  When  this  condition  occurs, 
without  removing  the  fibers  from  the  splice,  the 
fiber-retention  spring  on  the  splice  is  disengaged, 
the  fibers  arc  repositioned,  the  spring  is  closed 
and  the  scattered-light  measurement  sequence  is 
repeated.  This  operation  may  be  repeated  as 
often  as  necessary  however,  the  first  remake  is 
usually  successful. 


956A  Fiber  Idenrifier 
Preliminary  Design  Considerations 

Early  during  AT&T’s  develt^ment  of  a  new-generation  fiber 
identifier,  two  candidate  methods  of  signal  extraction.  Macro¬ 
bends  and  periodic  micro-bends,  were  explored.  Macro-bend 
technology  is  commonly  used  in  the  fiber  identifiers  available 
today.  AT&T  chose  a  combination  of  micro-bend  and  macro¬ 
bend  technology  because  it  creates  nearly  the  same  insertion  loss 
at  both  1310  and  1S50  nm.  Unlike  pure  macro-bends,  this 
approach  prevents  excess  insertion  loss  at  one  wavelength  while 
attaining  sufficient  signal  strength  at  both  wavelengths. 

ImpOTtant  to  NSD  was  the  design  of  the  identifier  detection 
head.  Existing  fiber  identifiers  make  fiber  access  into  a  taut- 
sheath  entry,  where  the  partial  damage  gives  no  slack,  very 
difficult.  For  this  reason,  a  tapered  head  design  to  allow  easy 
individual-fiber  access  was  essential.  The  final  design  makes 
accessing  a  fiber  simple  during  a  taut-sheath  entry  as  shown  in 
Figure  8. 
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Figure  9  -  Fiber  Identifier  Control  Panel 


Figure  8  •  956A  Fiber  Identifier 


After  approximately  4-seconds  a  signal  direction  LED  will  show 
the  direction  of  propagation  and,  if  the  signal  is  modulated  at  2 
KHz,  the  2  Khz  LED  will  illuminate.  No  directional  LED’s 
indicate  an  absence  of  signal  on  the  fiber  under  test. 


Identifier  Mechanical  Design 

The  9S6A  Identifier’s  extruded  aluminum  handle  houses  the 
electronics  and  a  molded-plastic  head  contains  the  periodic 
micro-bend  and  micro-bend  components.  The  fiber- 
clampAelease  actuator  is  placed  where  the  operator’s  thumb  can 
operate  the  fiber-access  function  without  disturbing  the  balance 
of  the  unit  and  thereby  causing  possible  fiber  breakage. 

Identifier  Electronics 

Picked  up  by  the  periodic  micro-bends,  the  optical  signal  is 
amplified  and  filter^.  This  processing  of  the  signal  enables  the 
provision  of  directional  indicators  and  indication  of  2  KHz 
modulation,  if  present.  The  power  LED  shows  that  the  power 
is  on  and  that  sufficient  time  has  elapsed  for  the  circuit  to 
complete  signal  processing.  Simultaneously,  the  absence  of 
indicator  LED’s  after  the  power  LED  has  come  on  is  an 
indication  of  no  signal  on  the  fiber. 

In  addition  to  the  circuit-power  switch,  activated  by  the 
load/measure  mechanism,  an  LED-test  switch  has  been 
incorporated  to  illuminate  all  LED’s  and  place  the  voltage 
regulator  in  the  low-battery  mode  which  causes  the  power  LED 
to  flash. 


Identifier  Operation 

Fiber  access,  during  a  taut-sheath  entry,  is  accomplished  by 
slipping  the  tqrered  blade  beneath  the  fiber  in  question.  The 
guide  slots  deliver  the  fiber  to  the  optical  assembly  where  a 
gentle  thumb  movement  captures  the  fiber. 

The  identifier  control  panel.  Figure  9,  indicates  the  unit  is 
functioning  with  the  illuminated  POWER  LED.  This  LED 
illuminates  when  die  thumb  slide  switch  is  pulled  toward  the 
operator  to  capture  the  fiber. 


Conclusion 


Over  the  past  several  years,  restoration  tools  and  procedures 
have  impressively  reduced  the  time  required  to  reestablish 
communication  links.  The  objective  of  AT&T’s  concept  of 
"Optimal  Restoration"  is  to  restore  service  as  quickly  as  possible 
once  an  intrusion  has  occurred.  This  restoration  plan  may  range 
from  a  1 -person  repair  at  the  damage  site  to  a  full  restoration 
deployment. 

The  addition  of  two  new  tools,  955A  Splice  Verifier  and  956A 
Fiber  Identifier,  will  have  a  pronounced  effect  on  the  time 
required  to  restore  service.  The  splice  verifier  will  permit  the 
restoration  crew  to  bridge  a  severed  cable  and  instantly  verify 
the  quality  of  the  bridging  splices.  Additionally,  non-serviceable 
splices  can  be  remade  and  immediately  verified  locally  by  one 
person  without  far-end  test  equipment. 

The  9S6A  Fiber  Identifier  is  a  second-generation  identifier 
designed  with  direct  customer  input.  The  identifier  is  designed 
to  make  fiber  access  during  taut-sheath  restorations  far  easier 
than  with  previous  tools.  The  identifier  utilizes  the  inherent 
advantages  of  periodic  micro-bend  technology  to  provide  low- 
stress,  low  insertion  loss  at  both  1310  and  1550  nm  while 
simultaneously  providing  high  sensitivity  to  low-level  signals. 
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Abstract 

In  order  to  improve  the  reliability 
of  the  fusion  spliced  portions  of  the 
carbon-coated  optical  fibers,  we  have 
studied  the  carbon  recoating  of  spliced 
bare  fiber  surfaces  with  a  local  carbon 
coating  technique  that  uses  a  C02  laser  as 
a  heat  source.  As  a  result,  we  have 
achieved  a  maximum  splice  strength  of  4 
GPa  and  an  "n"  value  of  85.  These  are 
clearly  high  levels  of  strength  and 
fatigue  resistance  compared  with  the 
levels  resulting  from  normal  splices 
without  carbon  recoating.  We  have  also 
used  the  local  carbon  coating  technique  to 
recoat  mass  fusion  splices  of  carbon- 
coated  optical  4-fiber  ribbons.  In  the 
case  of  the  4-fiber  ribbon,  we  have 
succeeded  in  forming  a  smooth  carbon  film. 
We  have  also  verified  that  there  are  no 
adverse  effects  in  terms  of  splice  loss. 


1.  Introduction 

In  recent  years,  as  the  use  of  long¬ 
distance,  high-count  optical  submarine 
cables  for  large  capacity  transmission 
increases,  splices  of  optical  fibers  are 
required  to  be  highly  reliable.  In  the 
meantime,  since  a  carbon  film  deposited  on 
a  silica-based  optical  fiber  surface 
increases  the  fiber's  long-term 
reliability  by  preventing  the  permeation 
of  moisture  and  hydrogen  molecules, 
studies  have  been  conducted  on  the 
application  of  carbon-coated  fibers  in 
lines  such  as  submarine  cables[l]. 
However,  there  is  concern  about  the 
reliability  of  spliced  portions  formed 
from  carbon-coated  fibers,  because  carbon 
film  can  be  removed  from  spliced  portions 
by  an  arc  discharge  generated  during  the 
fusion  splicing  process.  We  think  that  it 
is  necessary  to  recoat  the  spliced 
portions  with  carbon  film  in  order  to 
maintain  the  fiber  reliability[2, 3] .  To 
further  increase  the  reliability  of  the 
spliced  portions  of  the  fiber,  stronger 
splices  are  necessary.  In  the  case  of  the 


arc  fusion  splicing  process,  the  splice 
strength  is  at  most  3  GPa.  It  seems  that 
this  decrease  in  strength  is  the  result  of 
the  permanent  elongation  in  the  fibers 
that  develops  during  the  fusion  splicing 
process  by  arc  discharge.  We  think  that 
such  permanent  elongation  can  be 
eliminated  by  applying  a  local  heat 
treatment,  and  that  strong  spliced 
portions  can  thereby  be  formed. 

First,  this  paper  describes  the 
carbon-coated  fiber  splice  method  and 
discusses  its  relation  to  splice  strength. 
Then,  this  paper  illustrates  a  method  of 
carbon  coating  on  the  spliced  portions  of 
a  carbon-coated  fiber.  It  goes  on  to 
describe  the  characteristics  of  the 
carbon-coated  fibers,  including  the  strong 
spliced  portions  coated  with  the  carbon 
film.  This  coating  method  employs  a  local 
carbon  coating  technique  that  uses  a  C02 
laser  as  a  heat  sotirco.  Finally,  this 
describes  the  characteristics  of  the 
carbon  recoating  trial  produced  in  the 
spliced  portions  of  a  4-fiber  ribbon  by 
the  specified  technique. 


2.  Test  Samples 

A  germanium-doped,  silica-core  SM 
fiber  was  used  for  this  study.  In  the 
drawing  process,  this  fiber  was  coated 
with  pyrolytic  carbon,  film  with  a 
thickness  of  about  500  A.  Subsequently, 
the  dual  coatings  of  the  UV  curable  resins 
were  applied  with  in-line  applicators. 
The  diameters  of  the  fiber  and  dual 
coatings  were  125  pm  and  250  pm, 
respectively.  Table  1  shows  the  parameters 
of  this  fiber.  Fig.  1  illustrates  the 
sectional  figure  of  a  4-fiber  ribbon, 
which  uses  the  specified  fiber. 


3.  Carbon-Coated  Fiber  Splice  Method 

The  following  section  describes  the 
splicing  process  of  carbon-coated  fibers 
through  arc  fusion. 
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Table.  1  The  parameters  of  the  fiber 


Parameters 

Value 

Cladding  diameter 

125  //m 

M.F.D 

10  ;/m 

Ac 

1.18  //m 

Core  eccentricity 

<  1.0  /xm 

Ribbon  coating 
Secondary  coating 
Primary  coating 
SM  carbon-coated 
optical  fiber 


Fig.  1  Structure  of  the  manufactured 
carbon-coated  4-fiber  ribbon 


(1)  Remove  the  UV  resin  coatings  from  the 
fibers  and  fix  the  fibers  in  V-grooves. 
At  this  time,  be  careful  not  to  allow  the 
bare  fiber  parts  to  come  into  contact  with 
the  grooves. 


carbon-coated  fibers  and  normal (non¬ 
carbon-coated)  fibers  achieved  with  a 
prior  discharge.  The  figure  shows  almost 
the  same  failure  strength  distribution 
between  both  sets  of  spliced  fibers,  but 
no  signs  are  observed  that  the  burned 
carbon  particles  damaged  the  fiber  surface 
during  a  prior  discharge.  These  results 
indicate  that  a  prior  discharge  process  to 
burn  carbon  film  is  necessary  for  splicing 
carbon-coated  fibers. 


(2)  Perform  a  prior  discharge  with  a 
core-direct-monitoring  arc  fusion  splicer. 
This  operation  will  burn  away  the  carbon 
film  on  the  tips  of  the  fibers. 

(3)  Align  the  core  axes  of  the  fibers  to 
prepare  for  the  fusion  splice. 

(4)  Splice  the  fibers  after  the  core  axes 
aligning. 

(5)  Recoat  the  bare  parts  of  the  fibers 
with  UV  curable  resin. 

The  purpose  of  a  prior  discharge  is 
essentially  to  clean  the  fiber  surface. 
However,  this  prior  discharge  also  serves 
to  burn  the  carbon  film  on  the  carbon- 
coated  fibers  to  allow  for  direct  core 
monitoring.  If  the  splicing  process  is 
initiated  without  a  prior  discharge, 
carbon  film  will  be  burned  away  when  the 
fibers  are  fusion  spliced,  and  these 
burned  carbon  particles  may  damage  the 
spliced  portion.  Fig.  2  shows  the 
Weibull  plots  of  splice  strength  achieved 
both  with  a  prior  discharge  and  without 
it.  The  splice  strength  achieved  without 
a  prior  discharge  varied  widely  and  was 
generally  low  compared  to  that  achieved 
with  a  prior  discharge.  Fig.  3  shows  the 
Weibull  plots  of  the  splice  strength  of 


Fig  .  2  Weibull  plots  of  the  splice  strength 
of  the  carbon-coated  fibers 


Fig  .  3  Weibull  plots  of  the  splice  strength 
achieved  with  a  prior  discharge 
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4.  Local  Carbon  Recoating  of  Fusion 
Spliced  Portions 

Fig.  4  shows  the  local  carbon  coating 
process  of  the  spliced  portions  of  the 
carbon-coated  fibers.  The  fibers  have  been 
fusion  spliced,  and  the  area  where  the 
carbon  film  has  been  burned  away  has  been 
coated  with  carbon  film,  using  local 
carbon  coating  equipment.  This  procedure 
has  created  the  need  for  a  lapping 
allowance  of  about  2  mm  between  the 
carbon  film  on  the  carbon-coated  fiber  and 
the  newly  recoated  carbon  film.  Finally, 
the  bare  parts  of  the  fibers  have  been 
recoated  with  a  UV  curable  resin.  Fig.  5 
shows  the  schematic  figure  of  the  local 
carbon  coating  equipment  that  uses  C02 
laser  as  a  heat  source.  During  this 
process,  a  high-strength  spliced  fiber  is 
set  in  a  reaction  chamber.  Then  the 
chamber  is  charged  with  a  hydrocarbon  gas, 
and  a  C02  laser  beam  is  introduced  into 
the  chamber  through  a  zinc  selenide 
window.  This  laser  converges  on  the  bare 
fiber  surface  and  heats  up  the  region  of 
the  spliced  bare  fiber  surface  without 
carbon  film.  Because  of  this  heat 
treatment,  carbon  film  becomes  deposited 
on  the  region  through  thermal  chemical 
vapor  deposition.  The  reaction  chamber 
then  moves  at  the  appropriate  speed  to 
coat  carbon  film  of  about  7  mm  in  length 
along  the  spliced  portion. 


5.  Results  and  Discussion 

5.1  Local  Carbon  Recoated  Surface 

Fig.  6  shows  a  photograph  of  the 
carbon  recoating  on  the  spliced  portion. 
This  photo  shows  that  the  newly  recoated 
carbon  film  becomes  a  little  darker  than 
the  carbon  film  on  the  carbon-coated 
fiber.  Fig.  7  shows  the  STM  (scanning 
tunnel  microscope)  images  of  the  local 
carbon  film  on  the  spliced  portion.  Using 
the  analysis  method  for  STM  images,  the 
surface  roughness  is  determined  to  be  4 
nm.  The  surface  roughness  value  describes 
the  difference  in  height  between  the 
highest  point  and  the  lowest  point  on  the 
carbon  film's  surface.  This  is  nearly 
equal  to  the  surface  roughness  of  a 
carbon-coated  fiber  whose  fiber  surface  is 
coated  with  a  carbon  film  during  the 
drawing  process.  This  surface  roughness 
indicates  no  difference  in  the  carbon 
recoating  film  quality. 

5.2  Splice  Strength 

Fig.  8  shows  the  tensile  failure 
strength  distribution  of  the  carbon-coated 
fiber  whose  spliced  portions  have  been 
recoated  with  carbon  film  through  the 
local  carbon  coating  technique.  The 
maximum  failure  strength  is  3.0  GPa,  while 
the  median  failure  strength  is  2.7  GPa. 


(1) 


Set  the  fibers  to  (2)  Remove  the  carbon  film 
V-groove 


(3)  Splice  the  carbor< 
coated  -  fibers 


(5)  Recoat  the  UV  curable  resin 

Fig .  4  Splicing  process  of  the  carbon-coated 
fiber 


Reflection  mirror  C02  Laser 

Beam 


^ZnSe  Convex  lens 

ZnSe  Window 
Fiber 


Exhaust  gas  I 


Hydrocarbon  gas 
Traversing 


Fig  .  5  Schematic  diagram  of  the  local 
carbon  coating  equipment 


Fig.  6  Photograph  of  the  carbon  recoating 
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Carbon  film(carbon-coated  fiber's  surface) 


Local  carbon  film(  carbon  recoating) 


Fig.  7  STM  images  of  the  carbon  film 


recoating.  These  results  are  shown  in 
Fig. 11.  The  irradiated  spliced  portion 
shows  less  strength  than  normal 
fibers(non-irradiated) ,  indicating  that 
there  is  no  annealing  effect  on  the 
spliced  portion  without  carbon  recoating. 
This  may  be  because  moisture  absorbed  on 
the  fiber  surface  reacts  with  heat,  and 
forms  silanol  groups(Si-OH) . 

Consequently,  we  think  that  the 
carbon  film  coating  of  the  spliced 
portions  using  the  local  carbon  coating 
technique  is  an  effective  means  of 
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On  the  other  hand,  the  spliced  portion 
without  carbon  recoating  has  a  maximum 
strength  of  2.8  GPa  and  a  median  strength 
of  2.3  GPa.  This  indicates  that  the 
carbon  recoating  has  only  a  slight 
annealing  effect.  To  reduce  elongation  of 
the  fibers,  we  studied  the  relationship 
between  the  annealing  time  during  the 
carbon  recoating  and  the  splice  strength. 
Fig.  9  shows  the  relationship  between  the 
splice  strength  and  the  annealing  time 
needed  to  carry  out  the  carbon  recoating. 
The  splice  strength  increases  as  the 
annealing  time  increase;  however,  the 
splice  strength  peaks  after  a  certain 
annealing  time.  Fig.  10  shows  the  Weibull 
plot  indicating  the  strength  of  the 
spliced  portions  recoated  with  carbon  film 
whose  annealing  time  has  allowed  the 
greatest  splice  strength.  The  maximum 
strength  is  4  GPa,  while  the  median 
strength  is  3.2  GPa.  These  strength 
values  are  substantially  highfr  than  those 
of  normal  fiber  splices.  To  confirm  that 
carbon  recoating  is  an  effective  annealing 
method  for  eliminating  the  elongation  of 
the  fiber  caused  by  fusion  splicing,  we 
have  investigated  the  splice  strength  of  a 
fiber  whose  spliced  portion  is  only 
Irradiated  by  a  C02  laser  without  carbon 


Fig  .  8  Weibull  plots  of  the  splice  strength 
of  the  carbon-coated  fibers 
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Fig.  9  Relationship  between  the  splice  strength 
and  the  annealing  time  needed  to  carry 
out  the  carbon  recoating 
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eliminating  the  elongation  in  the  fibers. 
Therefore,  we  believe  that  it  will 
contribute  to  improvements  in  the  strength 
of  fiber  splices. 


1  2  3  4  5 

Failure  Strength  (GPa) 


Fig.  1 0  Weibull  plot  of  the  strength  of  spliced 
portion  recoated  carbon  film  whose 
annealing  time  allowed  the  greatest 
splice  strength 


Fig.  11  Weibulle  plots  of  the  strength  of 

splice  portions  irradiated  by  a  C02 
laser  without  carbon  recoating 


5.3  Fatigue  Characteristics  of  the  Splices 

We  conducted  a  tensile  dynamic 
fatigue  test  to  evaluate  the  reliability 
of  the  spliced  portions.  Fig.  12  shows 
the  dynamic  fatigue  parameter  "n"  value 
determined  by  the  median  failure  strength. 
The  "n"  value  of  the  carbon-coated  fibers 
whose  spliced  portions  have  not  been 
coated  with  carbon  film  is  23.  On  the 
other  hand,  the  spliced  portion  that  has 
been  recoated  with  carbon  film  has  an  "n" 
value  of  85.  However,  this  "n"  value  is 
slightly  lower  than  that  of  the  original 
carbon-coated  fibers  without  the  spliced 
portions.  This  degradation  in  the  "n" 
value  is  presumably  due  to  the  presence  of 
moisture  on  the  spliced  bare  fiber  surface 
before  the  carbon  recoating  process 
begins.  It  is  expected  that  eliminating 
this  moisture  before  carbon  recoating  will 
improve  the  "n"  value. 

5.4  Temperature  Loss  Characteristics  at 

the  Splice 

We  manufactured  1000  m  of  a  carbon- 
coated  fiber  including  10  spliced  portions 
that  had  been  recoated  with  carbon  film. 
The  splice  loss  is  0.5  dB  or  0.05  dB  for 
each  splice.  This  value  is  almost  equal 
to  a  normal  splice  loss.  This  sample  was 
subject  to  a  heat  cycle  test  of  -40 "C  to 
60  ®C  to  monitor  loss  variations.  The 
results  of  this  test  are  shown  in  Fig.  13. 
The  increase  in  the  loss  on  the  low- 
temperature  side  is  about  0.01  dB. 
Therefore,  the  amount  of  loss  per  splice 
is  negligible,  indicating  that  the  carbon 
recoating  process  has  no  adverse  effects. 


Fig  .  12  Dynamic  fatigue  test  of  the  spliced 
portions  of  the  carbon-coated  fibers 
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Time  (hr) 


48 


Fig.  1 3  Loss  change  of  the  carbon-coated  fiber 
including  10  spliced  portions  that 
have  been  recoated  with  carbon  film 


5.5  Trial  Manufacture  of  4-  Fiber  Ribbon 
with  Carbon  Coater,  Splices  and 
Splice  Characteristics 

We  coated  the  mass  fusion  splice  of 
a  carbon-coated  4-fiber  ribbon  with  a 
carbon  film,  core  by  core,  using  the  local 
carbon  recoating  method.  Fig.  14  shows 
two  photographs  of  the  mass  fusion  splice 
before  and  after  carbon  recoating.  Fig.  15 
shows  the  Weibull  plots  of  the  splice 
strength.  The  median  tensile  strength  is 
1.7  GPa,  which  is  equal  to  the  splice 
strength  of  a  4-fiber  ribbon  without 
carbon  film  on  the  spliced  portions. 
Presumably,  carbon  recoating  does  not 
improve  the  splice  strength  because  the 
fiber  surface  is  damaged  by  fixing  the 
fiber  in  the  V-groove  during  the  mass 
fusion  splicing  process,  thereby 

nullifying  the  annealing  effects  of  the 
carbon  coating.  Fig.  16  shows  the  STM 
image  of  the  carbon  film  recoated  on  a  4- 
fiber  ribbon  splice.  The  surface 
roughness  is  about  4  nm,  which  is  the  same 
as  it  is  in  the  spliced  portion  of  a 
single  core,  carbon-coated  fiber  recoated 
with  carbon  film  formed  by  applying  the 
same  process.  Fig.  17  provides  a 
histogram  of  the  splice  losses.  The  mean 
splice  loss  is  0.048  dB.  The  standard 
deviation  is  0.037  dB,  which  is  equal  to 
the  splice  loss  of  4-fiber  ribbons  whose 
spliced  portions  have  not  been  carbon 
coated.  This  indicates  that  the  local 
carbon  coating  does  not  adversely  effect 
the  spliced  portions  of  fiber  ribbons. 


Fig.  14  Photographs  of  the  mass  fusion  splice 


Fig.  15  Weibull  plots  of  the  splice  strength  of 
the  carbon-coated  4-fiber  ribbon 
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6. 


Conclusion 


On  the  basis  of  the  experimental 
results  presented  above,  we  have  drawn  the 
following  conclusions. 

(1)  It  was  confirmed  that  a  local 
carbon  recoating  technique  that  uses  a  C02 
laser  could  produce  a  smooth  carbon  film 
on  spliced  bare  fiber  surfaces 

(2)  By  optimizing  the  carbon  recoating 
conditions  of  the  spliced  portions, 
carbon-coated  fiber  splice-strength  could 
be  improved  to  a  maximum  of  4  GPa. 

(3)  The  fatigue  characteristics  of 
the  spliced  portion  show  that  an  "n"  value 
of  dynamic  fatigue  is  85.  We  therefore 
think  that  the  carbon  film  coating  on  the 
spliced  portion  can  improve  the  fatigue. 

(4)  The  splice  loss  of  the  carbon- 
coated  fiber  whose  spliced  portions  have 
been  coated  with  carbon  film  is  0.05  dB 
per  splice,  which  is  a  normal  splice  loss. 
This  indicates  that  carbon  recoating  has 
no  adverse  effects.  The  temperature  loss 
of  these  splices  is  the  same  as  that  of 
normal  fiber  splices. 

(5)  The  splice  strength,  splice 
loss,  and  temperature  loss  characteristics 
of  the  4-fiber  ribbon  whose  mass  fusion 
splice  is  carbon-coated  are  the  same  as 
those  of  normal  mass  fusion  splices  of  4- 
fiber  ribbons.  Therefore,  no  particular 
adverse  effects  on  these  characteristics 
caused  by  carbon  recoating  could  be 
observed. 

We  expect  that  the  carbon  recoating 
of  the  spliced  bare  fiber  surface  will 
increase  reliability  in  large  capacity 
transmission  lines  that  are  composed  of 
carbon-coated  fibers. 
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Fig.  16  STM  image  of  the  carbon  film 
recoated  on  the  4-fiber  ribbon 
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Fig.  1 7  Distribution  of  splice  loss  of 
the  carbon-coated  4-fiber 
ribbon 
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THE  HERMETIC  CARBON  LAYER  RESTORATION  ON  THE  FUSION  SPLICED  PORTION 
OF  CARBON  COATED  FIBER 
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Abstract 

Conventional  fusion  splicing  methods  remove  the 
carbon  layer  of  a  hermetically  carbon  coated 
optical  fiber  locally.  The  vanishment  of  the  carbon 
layer  degrades  Its  fatigue  characteristics 
drastically.  In  this  study,  hermetic  carbon  layer 
restoration  technology  on  the  fusion  spliced 
portion  of  a  carbon  coated  fiber  filament  has  been 
developed  with  a  thermal  decomposition  process 
using  a  CO2  laser  as  a  local  heat  source.  The 
tensile  strength  of  3kgf,  and  the  fatigue  parameter 
n  of  94,  have  been  attained  on  the  spliced  portion 
by  this  restoration  process. 


1.  Introduction 

Mechanical  reliability  of  slllca-beised  optical  fibers 
Is  described  by  two  natures.  One  Is  Its  Initial 
fracture  strength  and  the  other  Is  Its  fatigue 
characteristics.  The  latter  Is  expressed  by  a 
fatigue  parameterln- value),  and  Is  ruled  by  the 
water  molecules  corroding  the  silica  surface. 
Conventional  optical  fibers  have  a  n-value  of 
around  20.  A  carbon  coated  optical  flber(CCF)  has  a 
much  larger  n-value  of  around  150,  which  extends 
Its  life  remarkably.  This  Is  caused  by  the  carbon 
layer  on  the  silica  surface  Intercepting  moisture 
penetration.  However,  when  CCFs  are  spliced  with 
conventional  arc  fusion,  the  carbon  layer  exposed 
to  the  discharge  Is  locally  burned  off.  The 
vanishment  of  the  carbon  layer  degrades  the 
spliced  portion  to  around  20  In  n-value.  As  for  a 
CCF  cable  elongated  by  factory  splicing,  spliced 
portions  become  the  weakest  points  through  the 


total  length  of  an  optical  fiber  cable  against 
fatigue.  This  fact  becomes  a  very  Important  issue  in 
circumstances  requiring  very  long-term  reliability 
such  as  In  submarine  cables.  This  paper  describes  a 
method  for  restoring  the  carbon  film  on  the  fusion 
spliced  portion  of  a  CCF  with  a  thermal  chemical 
vapor  deposition  using  a  COz  laser,  and  gives 
experimental  results  of  the  tensile  strength  and 
the  fatigue  parameter  n. 

2. Experimental  Apparatus 

Figure  1  shows  the  experimental  apparatus  for  the 
carbon  restoration  process,  which  consists  of:  a 
COs  laser  with  10.6  urn  wave  length,  which  heats  the 
optical  fiber  through  a  ZnSe  window;  a  reaction 
chamber  equipped  with  a  horizontal  traverse  table 
which  moves  the  fiber  horizontally:  a  reactant  gas 
supplier  which  controls  the  fraction  and  flow  rate 
of  a  mixture  of  organic  gas  and  Inert  gas,  and  feeds 
It  Into  the  chamber:  and  an  Infra-red  thermometer 
for  temperature  measurement  of  the  fiber  surface  In 
the  wave  length  from  1  to  2  micrometers  through  a 
CaF  window. 


FIg.l  Experimental  Apparatus 


International  Wire  &  Cable  Symposium  Proceedings  1 992  119 


3. Experimental  Procedures 
Figure  2  shows  the  flowchart  of  the  experimental 
procedures.  The  processes  from  1  to  5  are 
conventional  high  strength  splicing  Ti;ethods.  In  the 
1st  step,  the  resin  Jacket  around  the  fiber  Is 
removed  In  hot  sulfuric  acid  and  cleaned  In  an 
organic  solvent  using  ultrasonic  vibration.  In  the 
2nd  step,  the  original  carbon  layer  Is  removed  for 
several  millimeters  from  the  end  face  using  a 
discharge  In  Inert  gas.  This  step  Is  Indispensable 
for  a  commercial  splicer  to  align  the  fiber  cores 
with  Image  processing.  In  step  3,  the  fiber  is  cut 
with  a  cleaver  designed  not  to  damage  the  fiber.  In 
step  4,  a  resin  thin  film  Is  fabricated  again  around 
the  bare  silica  with  a  thickness  of  several 
micrometers.  In  order  to  prevent  the  silica  surface 
from  direct  contact  to  the  V-shaped  grooves  of  the 
splicer.  In  step  5,  arc  fusion  Is  performed  using  a 
commercially  standard  splicer.  In  step  6,  a  1.5% 
screening  test  Is  applied  onto  the  spliced  portion 
In  order  to  eliminate  the  weak  samples  due  to  the 
handling  error  In  the  previous  steps.  This  process 
gives  samples  whose  strengths  fit  well  to  a  single 
mode  Welbull  distribution.  In  the  7th  step,  the 
carbon  layer  Is  restored  on  the  region  where  the 
carbon  was  removed  previously  and  about  1  mm  on 
the  original  carbon  layer  on  either  side  of  the 
removed  section  as  shown  In  figure  3.  Fracture 
strength  of  the  fiber  was  measured  with  a  tensile 
test,  and  an  n-value  Is  calculated  from  the  set  of 
50%  failure  strengths  at  different  strain  rates. 


4. Experimental  results  and  Discussion 
4-1. Strength  distribution 

Figure  4  and  5  show  the  distribution  of  fracture 
strength  of  non-restored  and  restored  spliced 
portion,  respectively.  'Non-restored'  means  the 
samples  without  only  step  7  In  this  study.  The  data 
shown  In  the  figures  were  collected  at  the  strain 
rate  of  85%/mln.  The  figures  show  that  restored 
spliced  portion  has  higher  strength  than  the 
non-restored  ones.  The  50%  failure  strength  of  the 
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i 

2:Removal  of  carbon  later  with  dlscharg 
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6:  Screening  test  with  a  strain  of  1.5% 


7:Carbon  film  restoration 


Fig. 2  Flowchart  of  the  experimental  proc 
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Fig. 3  Geometry  of  restored  portion 

restored  Is  nearly  0.26kgf  higher  than  that  of  the 
non-restored.  Especially,  Improvement  of  the 
strength  Is  remarkable  In  the  high  strength  region. 
This  Is  suspected  to  be  caused  by  the  annealing 
effect  of  the  COa  laser  such  as  closing  cavities  on 
the  silica  surface,  which  Is  probably  more  effective 
on  smaller  Griffith  flaws.  This  effect  might  result 
In  the  transition  of  the  Welbull  mode  around  20% 
failure  probability.  Such  a  transition  was  observed 
at  other  strain  rates.  Table  1  shows  the  results  of 
a  tensile  test  at  different  strain  rates.  The  50% 
failure  strength  and  Its  precision  Index,  which  Is 
almost  same  to  the  standard  deviation  when  there  Is 
much  data,  are  calculated  from  each  Welbull  plot 
using  a.  statistical  method  Including  a  regression 
with  the  least  square  method,  whose  details  are 
explained  In  section  5. 
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FIg.4  Fracture  strength  distribution 
of  non-restored  spliced  portion 


Fig. 5  Fracture  strength  distribution 
of  restored  spliced  portion 


Tablel. Fracture  strength  of  restored 


and  non-restored  spliced  portion 


Fracture 

Precision 

Strain 

Remarks 

strength(kg) 

Index(kg) 

Rate(mm/min) 

2.927 

0.007 

3.31 

restored 

2.937 

0.005 

22.93 

restored 

3.048 

0.006 

171.00 

restored 

2.453 

0.003 

3.31 

non-restored 

2.526 

0.011 

22.93 

non-restored 

2.799 

0.012 

171.00 

non-restored 

Gauge  length  Is  200mii) 

Number  of  samples  is  40  at  each  strain  rate. 


4-2.  Fatigue  parameter  n 

Figure  6  and  7  show  the  relation  between  fracture 
strength  and  strain  rate  for  the  non-restored  and 
the  restored,  respectively.  The  lines,  whose  slope 
Is  the  Inverse  of  'n-T,  are  drawn  from  the  values  in 
table  1  using  the  least  square  method.  The  figures 
show  that  the  fatigue  parameter  n  is  improved  from 
28  for  the  non-restored  spliced  portion  to  94  for 
the  restored  portion  by  the  restoration  process  . 
Errors  of  the  n-value  are  +  2  for  the  non- 
restored  and  ±  15  for  the  restored  in  95% 
confidence  level. 


Fig. 6  Relation  between  fracture  strength 
and  strain  rate  for  non-restored 
spliced  portion  (n-value  is  28) 


Fig. 7  Relation  between  fracture  strength 
and  strain  rate  for  restored 
spliced  portion  (n-value  is  94) 
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4-3. Microscopic  observation 

An  SEM  Image  of  the  cross  section  of  the  restored 
region  (photo.  1)  Indicates  that  the  thickness  of  the 
carbon  layer  Is  around  35  nm,  which  is  slightly 
thinner  than  50  nm  for  the  original  carbon  layer. 
Photos  2  and  3  give  the  atomic  force  microscope 
(AFM)  Images  of  the  restored  and  original  carbon 
surface,  respectively.  Comparing  these  photos, 
there  Is  no  significant  difference  of  surface 
roughness  between  the  two.  The  common  parameter 
Ra  Indicating  roughness  Is  0.57nm  for  the  original 
and  0.66nm  for  the  restored.  Original  carbon  layer 
usually  has  an  n-value  of  more  than  150.  The 
difference  of  the  n-value  between  the  restored 
carbon  layer  and  the  original  carbon  layer  Is 
supposed  to  be  depending  on  the  thickness  of  the 
layer. 


S.Error  estimation  of  n  value 
Fatigue  characteristics  of  optical  fibers 
are  usually  represented  by  the  fatigue  parameter 
n  which  is  obtained  by  the  well-known  dynamic 
fatigue  test.  In  which  fibers  are  loaded  to 
fracture  at  several  strain  rates.  Results  of  the 
dynamic  fatigue  test  give  good  estimation  of 
the  n-value  when  It  Is  executed  on  Intrinsic  fibers, 
owing  to  Its  steep  line  on  the  Welbull  chart. 
Usually  the  m  parameter  of  original  fibers  Is 
around  100.  However,  spliced  portions  have  lower 
m  values  and  more  scattered  strengths  from  the 
Ideal  Welbull  distribution  than  the  original  fibers, 
and  In  some  cases  they  don't  have  unique  mode  but 
multiple  Welbull  mode  Instead.  In  the  dynamic 
fatigue  test,  50%  fracture  strength  are  usually 
taken  as  the  representative  values.  However,  In 
case  of  spliced  portions,  the  50%  fracture  strength 
Is  supposed  to  have  more  error  compared  with 
that  of  the  original  fiber,  which  might  result  In 
low  reliability  of  n  value.  Therefore  discussion  of 
error  Is  Indispensable  to  determine  the  n-value, 
especially  for  spliced  portions.  In  this  study,  a 
simple  statistical  method  is  proposed,  which  gives 
an  estimated  error  of  the  n-value.  In  this  method, 
the  following  assumptions  and  procedures  are 
adopted. 


35  nm 


t± 


I  Carbon  layer 
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Photo.  1  SEM  Image  of  the  cross  section 
of  the  restored  region 


Photo. 2  Surface  of  an  original  carbon  layer 
(AFM  image) 


Photo.3  Surface  of  a  restored  carbon  layer 
(AFM  Image) 
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(1) Fracture  strength  distribution  is  essentially 
the  Weibull  distribution. 

(2) Each  fracture  data  has  the  same  uncertainty 
around  the  Ideal  Weibull  distribution,  and  its 
distribution  is  Gaussian. 

(3) Ideal  Weibull  distribution  can  be  estimated 
by  the  least  square  method. 

(4) Each  fracture  strength  having  the  same 

failure  probability  at  different  strain  rates 

corresponds  to  the  same  initial  flaw  size. 

Experimental  fracture  data  are  plotted  on  the 
Weibull  chart  and  regressed  with  the  well-known 
Weibull  distribution  as  follows; 

P=l-exp{-(<7/f  )“)  . [1] 

where  P  is  the  cunulative  failure  probability 
a  is  the  failure  strength 
n  and  f  are  the  weibull  parameters 

The  two  Weibull  par£uneters  m  and  f ,  and  their 
errors  are  solved  by  using  the  least  square 
method  and  partial  derivative  as  below; 


a  (P)=exp( — ln(-ln(I-P)))  . [4] 

m 

A-  A  ^  ^  ^  ■  £ 

aff=—: — dm  +  -5-711  s 
da  0  i 


=  S(' 


d  a  dm 
dm  dXi 


da  -  b  ,  ,  1  5b  b  5in  „ 

+-j-rexp( - )( - +  -- 2^^))dXi 

5 1  m  m  5Xi  in^aXi 

. [5] 


Using  the  equation  [3]  and  [.5],  The  error 
propagation  from  the  data  to  the  50%  failure 
strength  can  be  expressed  in  eq.[G]. 


A  a= 


S  { 


d  a__d_m_ 
5Xi 


da  ,  b,,  15b  b5iii. 
+  -r--exp( - )( - -75-  + 


51 

}  2- 


in 

A  <r^ 


m  5Xi 


t|2  5Xi 


[6] 


Also  using  the  least  square  method.  Both  of  the 
n-value  and  the  error  propagation  from  the  50% 
fracture  strength  to  the  n-value  can  be 
expressed  In  the  following  two  equations. 


«* (C22dl"Ci2d2)/{CllC22"Ci2C2l) 

£  =exp(-d3/m) 

dm 

dm-I-~dXi 

aXi 

/  b  ,  ,  1  5b  ,  b  5m 

d f  =exp( - )  S  ( - -57  + - 2  jj-ldXi 

m  m  5Xi  i''  5X1 


[2] 


Xi  =  lna  I 

Yi=ln(-ln(l-Pi)) 


where  Cii=XXi^ 

Ci2=IXi 
C21=XXi 
C22=5:i 
di=XXiYi 
d2=XYi 

b=(-C2ldi+Ciid2)/(CiiC22-Cl2C2l) 


On  the  assumption  (2),  a  precision  index  of  each 
strength  data  with  95%  confidence  level  Is 
estimated  with  the  equation  f31. 

X  (g  (Pi)-<T  1)^ 
n-1 


1  _  S22trSl2t2 
n-1  SiiS22"Si2S21 

I - - 

An'2  ;X  (-f^AT"!)  2  . [8] 

da  i 

where  Sii=S(lnai)2 
Si2=S  In  CTi 
S21-2  In  CTi 
822=  Z1 

ti=Slnorilnof'i 

t2=Zlnal 


Equation  [8]  gives  the  error  In  95%  confidence 
level.  Applying  this  method  to  the  experimental 
data,  the  error  of  ±  2  for  the  non-restore  and  the 
error  of  ±  14  for  the  restored  are  assured.  That 
fact  proves  that  the  carbon  layer  restoration 
technology  Improves  the  n  parameter  for  certain. 


Fracture  strength  of  any  failure  probability  and 
its  error  are  given  by  eq.[4l  and  [5] 
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S.Concluslon 


Masahiro  Hamada 


Hermetically  carbon  layer  restoration  technology 
has  been  developed  using  a  thermal  chemical  vapor 
deposition  with  a  COs  laser  as  a  local  heat  source. 
Using  this  technology,  the  fracture  strength  of 
3kgf,  and  the  fatigue  parameter  n  of  94  with  the 
estimated  error  of  15  In  95%  confidence  level  have 
been  realized. 

The  failure  strength  is  comparably  high,  but  the 
n-value  is  lower  than  the  original  CCF.  Perhaps 
higher  n-valucs  can  be  obtained  by  thickening  the 
restored  carbon  layer  to  the  thickness  of  the 
original. 
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INTELLIGENT  LID  SYSTEMS  IN  THE  MULTI-FIBER  TECHNOLOGY 


M.  Loch,  R.  Kossat,  G.  Ruegenberg 
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ABSTRACT 

The  essential  advantages  of  j^ight  J_njection  and 
Detection  (LID)  Systems,  which  are  prerequisite  to 
reliable  low  loss  splicing  technique  and  highly 
accurate  loss  measurement  of  single-mode  fibers, 
are  transferred  to  multi- fiber/ribbon  technology. 
In  this  paper  we  discuss  in  detail  the  main 
advantages  of  intelligent  LID  Systems  and  compare 
different  techniques  for  the  realization  of  fiber 
selective  multi-fiber/ribbon  LID  Systems.  The 
structure  and  technique  of  different  systems  are 
presented  and  discussed.  Novel  systems  based  on 
bend  couplers  have  been  developed  and  tested  in 
the  laboratory.  Results  of  measurements  are  shown 
to  illustrate  the  benefits  of  this  technique.  The 
optimum  concept  has  been  implemented  in  a  new 
microprocessor  controlled  multi-fiber  fusion 
splicer  for  single-mode  fibers.  Consequently,  all 
established  measuring  and  controlling  procedures 
using  intelligent  single-fiber  LID  Systems  are  now 
applicable  to  the  multi-fiber/ribbon  structure  in 
the  same  way. 


INTRODUCTION 

The  increasing  demand  for  information  necessitates 
the  extension  of  existing  communication  systems, 
re-arrangement  of  local  distribution  networks  and 
subsequent  requirement  for  many  fiber  optic 
cables.  Cost  and  time  expenditures  can  be  mini¬ 
mized  by  utilizing  a  reliable  and  easy  to  operate 
splicing  technique  for  single-fiber  and  multi- 
fiber/ribbon  structures.  Past  and  present  single¬ 
mode  fiber  (SMF)  splicing  techniques  have  shown 
that  splice  loss  is  mainly  predetermined  by 
accurate  core-to-core  positioning  of  the  fibers, 
preparation  of  the  fiber  end  face,  and  the  optimum 
selection  of  fiber-specific  fusion  parameters.  The 
accurate  determination  of  splice  loss  is  also  a 
very  important  element  for  reliable  and  prompt 
optical  fiber  splicing.  Two  different  methods  are 
commonly  used  to  detect  local  splice  loss  when 
using  fusion  splicers.  The  "core  monitoring" 
method  uses  the  digitized  video  signal  of  the 
splice  area  to  calculate  the  splice  loss  from  the 
detected  core  offset  and  the  tilt  of  the  core 
axes'*'’  .  However,  differences  between  the  assump¬ 
tions  necessary  for  the  calculation,  e.g.  spot 
size,  and  the  actual  given  conditions  can  lead  to 
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significant  estimation  errors.  A  more  reliable 
concept  to  determine  the  splice  loss  and  to 
control  all  above  mentioned  critical  parameters  is 
to  use  a  LID  System  combined  with  the  so-called 
"air  gap  method"  .  Initially,  LID  Systems  allow  an 
automatic  control  of  the  fusion  time:  the  power 
through  the  splice  during  fusion  is  monitored,  and 
at  the  time  of  maximum  transmission  a  microproces¬ 
sor  shuts  off  the  fusion  arc  guaranteeing  a 
minimum  splice  loss.  This  provides  for  optimum 
fusion  time  resulting  in  the  lowest  splice  loss 
under  prevailing  conditions.  Hence,  this  system 
automatically  compensates  for  non-optimal  fiber- 
specific  splice  parameters.  Extensive  examinations 
in  the  field  show  a  significant  reduction  of  the 
splice  loss  using  this  automatic  control  of  the 
fusion  process.  Secondly,  using  the  measured  power 
levels  and  before  and  after  the  fusion 
process,  “the  splice  loss  a  can  be  determined  as 
follows^  ® 

P. 

a^  =  10  log  pn  +  a|3  (D 
a 

Here  a^^  denotes  the  loss  of  the  optimally  aligned 
splice  before  fusing  (air  splice).  Analysing  the 
mutual  end  face  tilt  in  a  single-mode  fiber  air 
splice  b^sgd  on  the  physics  of  the  Fabry-Perot 
resonator  ’  the  preparation  of  the  fiber  end 
faces  is  controlled,  guaranteeing  a  highly 
accurate  splice  loss  measurement.  In^  the  trans¬ 
mission  properties  of  a  single-mode  fiber  air 
splice  caused  by  Fresnel  reflections  and  fiber 
alignment  errors  are  investigated  comprehensively. 
Particularly  analyzed  is  the  influence  of  end  face 
angles  on  splice  loss  and  measurement  error  of  the 
"air  gap  method".  The  oscillation  amplitude  of  the 
loss  of  a  single-mode  fiber  air  splice,  which  is 
observed  while  moving  the  fiber  ends  in  an  axial 
direction,  is  directly  related  to  an  effective 
tilt  angle  of  the  fiber  end  faces.  Using  this 
method  for  automatically  evaluating  the  end  face 
quality  of  the  fibers  to  be  spliced,  which  is 
implemented  in  modern  fusion  splicers  provided 
with  LID  Systems,  a  maximum  error  of  splice  loss 
measurement  of  +/-  0.05  dB  is  guaranteed,  reject¬ 
ing  unsatisfactorily  prepared  fiber  end  faces. 
Additionally,  because  of  the  measuring  possibi¬ 
lities,  the  LID  System  also  allows  the  determina¬ 
tion  of  optimum  parameters  without  any  additional 
measuring  device. 
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Consequently,  when  using  the  LID  System,  the 
automatic  end  face  check  and  the  controlled  fusion 
process  make  fusion  splicing  easy  and  less 
operator  intensive  resulting  in  low  splice  losses 
and  highly  accurate  splice  loss  measurement.  This 
system  is  available  and  has  been  successfully 
applied  in  the  long  distance  communication  system 
to  reduce  splice  loss  in  the  single-fiber  techno¬ 
logy.  However,  until  now,  no  equivalent  system  has 
been  developed  for  the  simultaneous  joining  of 
several  fibers  or  ribbons. 

This  paper  investigates  the  fundamental  advantages 
of  single-fiber  LID  Systems  to  multi-fiber/ribbon 
technology.  Different  concepts  utilizing  different 
transmitters  and  different  operating  wavelengths 
are  explored.  A  new  method  is  described  for 
optimum  implementation  of  the  multi-fiber  LID 
System  into  a  microprocessor  controlled  multi¬ 
fiber/ribbon  fusion  splicer. 


FUNDAMENTALS 

An  effective  intelligent  multi-fiber  LID  System 
allows  a  local  fiber-selective  measurement  of 
transmission  in  a  multi-fiber  structure;  that  is, 
the  transmitted  light  of  each  fiber  can  be 
detected  independently  of  the  transmission  proper¬ 
ties  of  the  other  fibers.  In  principle,  there  are 
two  different  fundamental  procedures  to  solve  this 
problem:  fiber-selective  coupling  of  light  and 
fiber-selective  detecting  of  transmitted  light. 
For  both  concepts  different  techniques  are 
conceivable. 

There  are  three  different  techniques  for  fiber- 
selective,  quasi  simultaneous  coupling  of  light  in 
one  or  more  fibers  within  a  multi-fiber  structure: 
First,  to  launch  light  into  the  fibers  of  a  multi¬ 
fiber  structure,  separate  sources  which  emit 
different  modulated  signals  can  be  used.  Practi¬ 
cally,  the  number  of  separate  light  sources  should 
correspond  to  the  number  of  fibers. 

Secondly,  the  light  spot  of  a  single  source  is 
moved  in  the  plane  of  the  multi-fiber  structure 
orthogonally  to  the  fiber  axes  to  launch  light  in 
each  fiber  successively.  This  can  be  done  by  a 
relative  movement  of  the  light  spot  in  relation  to 
the  multi-fiber  structure.  To  realize  this,  a 
movable  mirror  to  deflect  the  focused  beam,  e.g.  a 
rotating  multifaced  polygon  of  a  galvanometer 
scanner,  is  applicable. 

Finally,  the  light  source  is  designed  to  launch 
light  into  all  fibers  simultaneously,  however  a 
moving  slit,  which  allows  only  a  small  light  beam 
to  pass  through,  acts  as  the  fiber-selective 
element . 

For  the  application  of  all  these  different 
coupling  techniques  within  a  multi-fiber  LID 
System  one  large  area  photodiode  is  sufficient  for 
the  detection  of  the  transmitted  light  of  all 
fibers.  Using  a  suitable  evaluation  method  the 
separation  of  the  detected  light  for  each  fiber 
within  the  multi-fiber  structure  is  possible.  This 
is  especially  true  with  time-division  multiplex¬ 
ing,  as  the  system  automatically  identifies  each 


fiber  by  analyzing  the  detected  signal.  This 
allows  recognition  of  the  actual  position  of  each 
fiber  within  the  multi-fiber  struture. 

For  the  fiber-selective  detecting  of  transmitted 
light,  which  is  coupled  simultaneously  in  a  multi¬ 
fiber  structure  using  only  one  light  source,  a 
high  number  of  photosensitive  elements  is 
necessary.  To  get  a  high  local  resolution  the 
number  of  photosensitive  elements  should  be  much 
higher  than  the  number  of  separate  fibers.  The 
transmitter  identifies  the  number  of  fibers 
automatically  and  is  insensitive  to  the  actual 
fiber  position  within  the  multi-fiber  structure. 
Practically,  this  requirement  can  be  realized  by 
using  a  photodiode  array  or  a  line  scan  sensor. 


PRACTICAL  REALIZATION 

Two  different  techniques  based  on  LID  Systems  for 
local  transmission  measurement  on  fiber  ribbons 
were  realized  and  tested  in  the  laboratory.  The 
setup  is  designed  for  1  to  12  fibers  or  2-  to 
12-fiber  ribbons.  The  first  system  works  with  a 
fiber-selective  receiver.  The  experimental  setup 
shown  schematically  in  Fig.  1  was  used.  The  light 
of  a  laser  diode  (output  power:  30  mW)  operating 
at  the  wavelength  of  780  nm  is  launched  on  the 
left  side  of  the  ribbon  under  test.  To  launch 
light  into  all  individual  fibers  within  the 
multi-fiber  structure  simultaneously,  the  light 
passes  through  a  special  optical  system  obtaining 
cylindrical  elements  to  form  a  suitable  light 
spot.  The  signals  propagate  through  the  object  to 
be  measured  -  an  air  gap  splice  -  and  are  detected 
on  the  opposite  side.  A  second  optical  system 
adapted  to  the  ribbon  structure  images  the  trans¬ 
mitted  signals  of  all  fibers  to  a  self-scanning 
photodiode  array  (line  scanner)  consisting  of  256 
separate  photosensitive  elements.  Each  photo¬ 
sensitive  element  is  associated  with  a  storage 
capacitor  on  which  the  photocurrent  is  integrated. 
With  a  built-in  multiplex  switch  for  periodic 
readout  via  an  integrated  shift  register  scanning 
circuit  and  an  external  A/D  converter,  the  voltage 
values  for  each  capacitor  are  transmitted  to  the 
microprocessor  for  calculating  the  detected 
relative  power  level  of  each  fiber. 

A  4-fiber  ribbon  with  differently  colored  fibers 
was  used  as  a  test  ribbon.  The  measured  intensity 
distribution  (Fig.  2)  shows  a  very  good  separation 
of  the  fibers.  The  distance  of  adjoining  distri¬ 
bution  peaks  is  about  1.35  mm  corresponding  to  a 
distance  of  fiber  axes  of  260  pm  at  the  given 
optical  magnification  of  5.2. 

The  second  system  is  designed  for  a  fiber-selec¬ 
tive  transmitter  with  an  operating-wavelength  of 
1310  nm.  The  correspondent  setup  is  shown  in  Fig. 
3.  As  selective  light  source  a  laser  scanner  is 
used.  A  pre-objective  scanning  system,  which  is 
characterized  by  a  flat  image  plane,  is  used.  The 
parallel  beam  of  the  laser  diode  (output  power  25 
mW)  is  deflected  by  a  movable  mirror  performing  as 
a  galvanometer  scanner.  The  following  scan  lense 
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is  designed  for  sufficient  light  for  up  to  12 
single-mode  fibers.  However,  pre-objective  scann¬ 
ing  results  in  high  requirements  for  the  scan 
lens.  The  dimension  of  the  scanning  spot  and  the 
intensity  distribution  within  the  spot  is  shown  in 
Fig.  4  for  one  fiber  in  the  middle  and  one  fiber 
at  the  edge  of  the  multi-fiber  structure,  and  in 
each  case  for  two  positions  of  the  image  plane 
(scan  line)  to  demonstrate  the  depth  of  the  focus. 
Scanning  the  multi-fiber  structure  orthogonally  to 
the  fiber  axes,  light  is  launched  into  each  fiber 
separately.  The  signals  pass  through  the  air  gap 
splice  under  test  and  are  detected  by  the  bend 
coupler  based  receiver  using  a  simple  optical 
system  and  a  large  area  InGaAs  photodiode.  The 
output  of  the  photodiode  triggered  with  the 
position  of  the  scanning  unit  is  shown  in  Fig.  5. 
As  ribbon  for  testing  we  used  a  generally  availa¬ 
ble  10-fiber  ribbon.  The  separate  signals  of  10 
single-mode  fibers  are  visible.  The  different 
heights  of  the  peaks  are  caused  by  different  color 
coatings  of  the  fibers  within  the  ribbon. 


APPLICATION 

Fig.  6  compares  the  two  presented  multi-fiber  LID 
Systems  with  regard  to  the  application  in  a  multi¬ 
fiber  fusion  splicer.  Both  systems  allow  automatic 
control  of  the  fusion  time  to  optimize  the  fusion 
process,  'n  addition,  the  multi-fiber  LID  System 
at  1310  nm  enables  splice  loss  measurement  at  the 
operation  wavelength  of  the  fibers  to  be  spliced 
according  to  equation  (1).  As  known,  the  matched 
wavelength  is  orerequisite  for  high-precision  loss 
measurement  since  there  is  no  strict  relationship 
between  the  losses  at  different  wavelengths. 
Therefore  a  multi-fiber  LID  System  based  on  a 
fiber-selective  transmitter  corresponding  to  Fig. 
3  has  been  integrated  into  a  microprocessor 
controlled  multi-fiber  fusion  splicer,  which 
allows  the  transversal  alignment  of  the  fiber 
ribbon. 

Since  there  is  no  need  to  monitor  the  power 
through  all  single-fiber  splices  within  a  multi¬ 
fiber  splice  simultaneously  during  the  fusion 
process,  it  is  necessary  to  make  an  efficient 
selection.  For  this  we  have  chosen  the  digitized 
video  signal  of  the  optimal  x,  y,  z-aligned  air 
splice  of  the  multi-fiber  structure  to  control  the 
parameters  decisive  to  low  splice  loss,  e.g. 
transversal  disalignment,  preparation  of  fiber  end 
face  and  air  gap.  To  optimize  the  alignment  of  the 
multi-fiber  structure  before  fusion  there  are 
different  algorithm,  e.g.  minimizing  the  maximal 
loss  within  the  multi-fiber  structure.  Analyzing 
the  information  of  the  video  signal,  we  select  the 
fibers  with  the  highest  loss  before  fusing. 
Conscious  that  the  fusion  parameters  are  not  as 
critical  for  well  aligned  single-fibers  as  they 
are  for  badly  aligned  fibers,  we  restrict  the 
monitoring  of  the  fusion  process  to  these  dis¬ 
aligned  fibers.  This  leads  to  the  lowest  splice 
loss  of  these  fibers  under  prevailing  conditions 
without  significant  changes  in  the  loss  of  the 
well  aligned  fibers  of  the  multi-fiber/ribbon 


structure.  In  Fig.  7,  the  relative  transmitted 
power  through  one  single-fiber  splice  within  a 
10-fiber  ribbon  is  shown.  The  optimal  fusion  time 
t  is  marked.  At  this  time  the  microprocessor 
shuts  off  the  fusion  arc  as  indicated  by  a  slight 
decrease  of  the  transmitted  signal  which  is  caused 
by  the  cooling  of  the  glass. 


CONCLUSION 

Different  solutions  for  local  fiber-selective 
coupling  and  detecting  of  transmitted  light  in  the 
multi-fiber/ribbon  structure  are  available.  A 
multi-fiber  LID  System  consisting  of  a  bend 
coupler  based  transmitter  and  receiver  operating 
at  1310  nm  has  been  developed.  The  system  is 
designed  for  up  to  16  individual  fibers  or  2  to  16 
fiber  ribbons  controlling  the  transmitted  light  of 
each  fiber  separately.  It  works  independent  of  the 
actual  fiber  numbers.  This  novel  system  has  been 
incorporated  in  a  new  microprocessor  controlled 
and  piezo  driven  multi-fiber  fusion  splicer  for 
single-mode  fibers,  and  the  mode  of  operation  and 
the  benefits  of  the  intelligent  systems  have  been 
verified  experimentally.  Thus,  the  fundamental 
advantages  of  single-fiber  LID  Systems  could  be 
transferred  to  the  multi-fiber/ribbon  technology. 
Optimization  of  fusion  process  by  automatic 
control  of  fusion  time  guarantees  the  optimum 
multi-fiber/ribbon  splice  under  the  prevailing 
conditions.  Consequently,  a  more  accurate  splice 
loss  measurement  is  possible.  By  this,  the 
reliability  and  the  handling  of  multi-fiber 
splicing  technique  are  improved  by  reducing  the 
repetition  rate  and  the  average  splice  loss. 
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Fig.  1:  Multi-fiber  LID  System  for  1  to  12  fiber^ 
2-  to  12-fiber  ribbons;  fiber-selective 
receiver;  operating  wavelength  780  nm 
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Fig.  2s  Measured  intensity  distribution  using 
fiber-selective  receiver;  integration 
times  45  msec;  ribbon  under  tests 
four  fiber  ribbon  with  different 
colored  single-mode  fibers 


Fig.  3s  Multi-fiber  LID  System  for  1  to  12 
fiber8/2-  to  12-fiber  ribbons; 
fiber-selective  transmitter  using 
pre-objective  scanning;  operating 
wavelengths  1310  nm 


Fig.  4s  Intensity  distribution  within  the 

focused  beam  before  (IP  =  +  0,100  mm) 
and  behind  (IP  =  -  0.100  mm)  the 
image  ^lane  (IP);  all  dimensions  in  mm; 

a)  in  the  middle  of  the  scanning  range; 

b)  at  the  edge  of  the  scanning  range 


Fig.  5s  Detected  signals  using  fiber-selective 

transmitter;  ribbon  under  tests  10  fiber 
ribbon 
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Fig.  6s  Comparison  of  different  techniques  of 
multi- fiber  LID  Systems 
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Fig.  7:  Automatic  control  of  fusion  time: 

transmitted  power  versus  time  for  a 
single-fiber  within  the  10-fiber  ribbon; 
the  fusion  splicer  automatically  shuts 
off  the  fusion  arc  at  the  time  t^ 
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DEVELOPMENT  OF  FULL  AUTOMATIC  FUSION  SPLICER 


THE  FURUKAWA  ELECTRIC  CO..  LTD 


Yuji  Sugiyama  Seiryo  Mishina  Yutaka  Sanshige 


<  Summary  > 

We  have  completed  a  full  automatic  fusion 
splicer  for  splicing  and  reinforcing  both 
SM  8  and  4-fiber  ribbons. The  performance 
measures  up  to  a  splice  loss  of  0.05  dB  or 
less,  tact  time  3  min.  or  les<!  and  yield 
of  901!|1  or  more. 

1  .  Introduction 

With  optical  fiber  ribbons  multiplied  in 
a  single  cable  for  subscriber  networks,  a 
staggering  length  of  time  has  been  requir¬ 
ed  of  the  splicing  work. 

Even  though  there  has  been  existent  a  fi¬ 
ber  fusion  splicer"  for  a  4-fiber  ribbon 
or  8  fiber  ribbon,  which  was  commercializ¬ 
ed.  no  full  automated  fusion  splicer  is 
yet  available  for  sequential  processes  st¬ 
arting  with  stripping  of  coating  from  the 
surface  of  fiber  ribbon,  and  cleaving  fib¬ 
ers.  and  reinforcing  fused  fibers.  More 
specifically,  stripping  of  coated  material 
and  cleaving  of  fiber  ribbon,  are  still 
made  manually,  depend  on  of  the  operators 
who  are  required  to  have  considerable  pro¬ 
ficiency.  In  order  o  lay  down  the  solution 
for  the  incovenience  as  explained,  we  have 
completed  full  automatic  fusion  splicer  in 
collaboration  with  Nippon  Telegraph  &  Tel¬ 
ephone  Corporation. 

Hereafter,  we  are  reporting  on  the  machi¬ 
ne  developed  as  being  in  the  vanguard  of 
the  world,  which  can  greatly  facilitate  f- 
usion  sp’  .g  work,  producing  remarkable 
efficiency  and  unloading  most  troublesome 
work  on  the  operators. 


2.  Abstract  of  Equipment 

2. 1  Appearance.  Outl ine 

This  equipment  is  comprised  of  two  compo¬ 
nents:  a  main  body  and  a  controller  which 
are  connected  to  each  other  with  a  control 
cable.  All  the  splicing  works  are  done  on 
the  main  body  with  primary  functions.  The 
controller  merely  maintains  a  TV  monitor 
and  switches  to  output  conditions  of  a  sp¬ 
licing  process. 

The  manual  opeations  include  setting  an 
optical  fiber  ribbon  in  a  fiber  supply  ca¬ 
ssette.  setting  a  reinforcing  material  in 
a  reinforcing  material  casset.  and  switch¬ 
ing  work  and  cleaning  work  according  to 
instructions  shown  in  the  TV  monitor.  All 
the  other  operations  are  performed  automa¬ 
tically.  Shown  in  Figure  1  is  the  outlook 
of  this  equipment,  while  the  dimensions 
and  weight  are  given  in  Table  1. 


Fig.  I  Outlook  of  machine 
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_ Tabic  1  Physical  specifications _ 

Size  Main  body  260111  x  230D  x  350H 
(»■)  Controller  198llf  x  294D  x  15611 

Weight  Main  body _ 18.  0 _ 

(Xg)  Controller _ 4;_2 _ 

2.2  System  and  component 
As  shown  in  Figure  2.  the  equipment  is  c- 
omprised  of  the  following. 

1)  Fiber  supply  cassette 

2)  Fiber  feed  assembly 

3)  Fiber  holder 

4)  Stripping  assemb 1 y 

5)  C  leaving  assemb 1 y 

6)  Fusion  assmbly 

7)  Handling  assembly 

8)  Reinforcing  assemb 1 y 

The  above  compoents  are  assembled  into  e- 
equipment  as  shown  in  Figures. 

and  applications  cf  each  assemb- 


Table  2  Functions  and  applications  of  each 
assemb 1 y 


Fiber  tray 


Fiber  fine  feed 

■j^r  supply  cassette 

^  Fusion  assembly 
^leaving  assembly 

Stripping  assembly 


Reinforcing  assembly 
Fiber  ribbon 


Assemb 1 y 


Fiber 
supply 
cassel  te 


Fiber 

feed 

assemb ly 


Fiber 

holder 


Functions  and  applications 


Stripping 
assemb  1  y 


Cleaving 
assemb  1  y 


Fusion 
assemb 1 y 


Hand  I  i ng 
assemb 1 y 


Reinforc¬ 
ing  assem- 


To  lead  a  fiber  to  holder 
To  detect  an  existent  or 
nonex  istent  of  fiber 


To  hold  a  fiber  r  i  bbon 
Tensilng  aid  in  stripping 
coated  material 
Tensile  test  after  splice 
Positioning  for  stripping. 

cleaving,  insertion  into 
^  v-groove 

To  set  ends,  stuffing  aid 
at  discharging 


To  unfold  and  fold  stripping 
blade 

Removal  of  fiber 


"o  hold  a  bare  fiber 
"o  move  a  blade,  to  apply 
"ending  tension  to  a  fiber 


Switching  positions  for 
stripping  and  fusion 
Forcus 1 ng  a  fiber 
To  set  and  release  fiber 
holder  in  V-grgove 
Discharging  arc  for  fusion 
splicing 

Discharging  arc  for  cleaning 


Transferring  aid  from  fusion 
assemb  ly  to  reinforcing 
assembly,  releasing  after 
splicing 


To  supply  reinforcing  mater¬ 
ial  Trom  cassette 
To  hold  the  upper  reinforc¬ 
ing  ^aterial  (alloy  plate 

To  the  lower  reinforc¬ 

ing  material  (glass  plate 


To  the  lower  reinforc¬ 

ing  material  (glass  platt 
side) 

To  detect  existence  or  nqn- 
existpnee  of  reinforcing 
material 


I 


2. 3  Splicing  Process 

We  are  explaining  about  the  operation  pr¬ 
ocess  of  this  equipment,  while  showing  the 
operation  flowchart  in  Figure  6. 

First  and  foremost,  a  fiber  ribbon  is  set 
in  a  fiber  cassette.  At  this  moment,  if 
the  fiber  cassette  is  set  on  a  fiber  sett¬ 
ing  stand,  and  the  fiber  ribbon  is  fixed, 
an  optimum  fiber  length  is  prepared  the  i- 
nsertion  into  a  main  body.  And  12  fiber  r- 
ibbons  can  be  installed  at  the  maximum. 

Second,  reinforcing  material  for  a  fused 
fiber  is  set  in  a  reinforcing  material  ca¬ 
ssette,  which  can  house  12  sets  in  full. 

With  a  fiber  cassette  and  a  reinforcing 
material  cassette  set  in  a  main  boby.  when 
pressing  a  start  button,  automatically  sp¬ 
liced  and  reinforced  fibers  begin  to  come 
out  in  sequence.  In  audition,  the  dischar¬ 
ge  arc  test  mode  as  an  examination  of  str¬ 
ength  is  selectable  for  measuring  an  amou¬ 
nt  of  fused  lengh.  Figure  4  shows  fiber 
setting  stands,  and  appearing  in  Figure  5 
is  reinforcing  material  set  for  the  proce¬ 
ssing. 


2) Fiber  stripping  process 

After  a  fiber  ribbon  inserted  into  strip¬ 
ping  assembly  is  heated  by  a  heater  and  c- 
ramped  by  stripping  blades,  the  coated  ma¬ 
terial  is  peeled  off  with  fiber  holder  dr¬ 
awn  back. 

3) Fiber  cleaving  process 

When  bare  fiber  holder  on  cleaving  assrab- 
ly  between  fiber  holder  and  stripping  ass¬ 
embly,  fold  to  cramp  a  fiber,  and  cleavin- 
g  blades  advance  to  notch  the  surface, 
the  fiber  is  instantly  cleaved  in  to  mirr¬ 
or  surface  by  bending  stress  on  opposite 
side  of  the  notch. 

4) Coating  dust  removing  process 
Coating  dust  remaining  inside  stripping 

assembly  is  swept  out  by  a  cleaning  brush 
and  gathered  in  a  dust  box. 

5) Cleaning  discharge  process 

After  finishing  fiber  ends,  remaining  du¬ 
st  of  coating  is  cleaned  from  a  fiber  rib¬ 
bon  by  arc  discharging  with  cleaning  elec¬ 
trodes  of  both  sides  of  a  V-groove  at  the 
same  time  of  procsss  of  advancing  to  the 
position  into  V-groove. 


Fi,.  4  Setting  .tend  r  «  1  «  f  .  n,.  t  .  r  I  .  I 


Hereafter,  explained  stage-by-stage  are 
the  automatic  processes  available  on  the 
spl icing  machine. 

1)  Fiber  supply  process 
A  fiber  ribbon  housed  in  a  fiber  supply 
cassette  is  led  onto  fiber  holder  by  fiber 
supply  rollers.  Then,  fiber  holder  cramp  a 
fiber  ribbon,  which,  thereafter,  is  suppl¬ 
ied  to  stripping  assembly  where  a  coating 
length  to  be  stripped  is  fixed. 


Manual 

operation 


Load  fiber  ribbon 
to  supply  cassette 

Load  reinforcing  member 
to  supply  cassene 

i  I 

Instal  supply  cassene 
to  spTicer 

Instal  supply  cassette 
to  splicer 

Automated 

operation 


Press  start  button 
— - 1 


Feed  of  fiber  ribbon 

r 


Stripping  of  coating 

i 


I  peaving^of  fiber  | 


I  Arc  (fischarge  for  cleaning  fiber  | 


F  i  g.  6 


I  Check  of  end  face  | 

I  Arc  discharge  for  spice  I 
i 

[  Irgpection  of  fusion  sptce  | 

X 

I  Strength  scrwning  of  fusion  splice  | 

X 

I  Rekilofctmem  fmion  spt^! 

I  Ejaction  of  finished  fusion  splice  | 

Flowchart  showing  operation 
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6)  Fiber-axis  aligning  process 

A  fiber  placed  in  a  camera  sight  is  axia- 
ly  adjusted  and  V-groove  is  raised.  Then, 
the  fiber  is  inserted  into  the  V-groove 
and  fixed. 

7)  Setting  gap  between  fiber  ends  process 
Both  fibers  are  moved  to  the  middle  area 

in  a  camera  sight  and  adequate  gap  is  set. 

8)  Inspection  and  fusion  process 

Axial  misal ighnment  between  counterpart 
fibers  is  delermined,  and  gap  between  fi 
ber  ends  and  cleaved  condition  of  an  end 
surface  are  examined.  Accordingly,  passab¬ 
le  fibers  are  spliced  under  arc  fusion  di¬ 
scharging.  Faulty  fiber  are  returned  to 
supply  process  for  a  retrial. 

9)  Testing  process  of  fused  part 

A  spliced  fiber  is  tested  for  the  fused 
condition.  Unpassable  fibers  are  returned 
to  supply  process,  after  cutting  away  with 
d i scha  rge. 

10)  Screening  process 

After  testing  spliced  part,  to  which  200g 
of  tension  is  applied,  unpassable  fibersr- 
are  returned  to  supply  process  for  a  reti- 
al. 

11)  Handling  process.  Heat-rein  forcement 
process. 

After  splicing,  handling  assembly  hold 
and  carry  the  fiber  ribbon  to  reinforing 
assembly.  Then,  heat-reinforcement  is  rea¬ 
dy  to  start.  On  the  instant  that  handling 
assembly  hold  the  fiber  ribbon,  the  paired 
reinforcing  materials  are  separated  into 
the  upper  material  (alloy  side)  and  the 
lower  material  (glass  ceramics  side). 

12)  Fiber  ejecting  process 

After  heating,  spliced  and  reinforced  fi- 
processes.  Also,  as  often  as  a  handling  p- 
rocess  ends,  the  following  fiber  ribbon  is 
sequentially  set  for  splicing.  In  this 
case,  the  fiber  supply  cassette  is  raised 
by  one  slot,  and  splicing  work  is  started. 


2. 4  Mon  i  tor  Display 


2. 4. 1  Indication  Pattern 

Even  though  this  splicing  machine  is  fai¬ 
rly  complicated  when  an  fault  occurs  sorap- 
lace,  exact  and  adequate  information  must 
be  timely  prepared  for  searching  out  trou¬ 
ble  and  a  recovery.  Otherwise,  the  automa¬ 
ted  device  could  be  unable  to  work  at  len¬ 
gth.  Against  this  background,  and  from  the 
stand  point  of  operators,  instructions  for 
switching  operation,  cleaning  points,  and 
precise  breakdown  of  process  are  arranged 
on  a  TV  monitor  as  shown  in  Figure  7,  pro¬ 
viding  for  easy  handling  about  operation, 
maintenance,  etc. . 

On  the  uppermost  stage,  appearing  are  a 
type  of  error  (ex.  axial  misalignment),  an 
identification  number  of  cleaning  point, 
which  is  shown  on  the  main  boby. 

On  the  middle  stage,  appearing  are  items 
of  operation,  selector  buttons  (ex,  splic¬ 
ing/arc  discharge  test  mode,  applicable  f- 
iber  mode),  a  cleaning  method/point,  and 
brief  description. 

The  lower  three  stages  indicate  a  type  of 
processing  on  fusion  section,  and  a  type 
of  processing  on  reinforcement  area,  and  a 
fiber  mode  and  time  of  arc  discharge  in 
1  i  teral  order. 

Figure  8  shows  some  tangibility.  This 
i nd i ca t i on t i on  refers  to  a  fault  that  the 


Error, cleaning  point 


I  t  ems  of  o 


pe  rat  ion 


Process  o 


|f  fusion  assembly 

'SPLICE  CLEAVING 
.REINF.  COOLING 
,SM8  -0100^ 


H—— 

Process  of  /  reinf.  assembly 

Fiber  mode  Times  of  discharge 

Fig.  7  TV  monitor 
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♦cleaning  (gXiXiXO^ 

Cleaning  up 

Stripping,  cleaving 
Retry  , 

Fusion-reset-button 

SPLICE  RIGHT 
RE  INF.  RETURN 


Fig.  8  Example  for  LV  indication 

fiber  ends  of  right-side  fibers  have  been 
processed  unfavorablv.  By  showing  identif¬ 
ication  numbers  of  cleaning  points  on  the 
uppermost  stage,  an  operator  is  required 
to  clean  the  right-side  cleaving  and  stri¬ 
pping  assembly.  After  cleaning,  fustion 
reset-button  is  pressed  to  restart  a  shown 
in  the  mon  i  tor. 

2. 4. 2  Indication  System 

The  configuration  of  indication  as  previ¬ 
ously  described  was  realized  by  the  appli¬ 
cation  of  even t-dr i bb 1 e  type  multi-task  o- 
perating  system  to  the  CPU.  This  system  e- 
nables  independent  operations  of  controli- 
ng  each  assembly,  indication,  key  board, 
etc..  That  being,  fusion  area  and  reinfor¬ 
cement  area  become  inde  pendent  in  control. 
And,  a  faulty  assembly  can  only  be  shut 
down  unless  any  effect  extends  from  the  d- 
efect,  and  the  other  assemblies  continue 
operation.  Accordingly,  an  operator  learns 
about  faults  from  the  indication  and  cope 
with  them  according  to  recovery  procedures 
shown.  Then,  even  if  faults  would  be  coi¬ 
ncidental.  the  events  are  shown  one  by  one. 
including  recovery  procedures. 

This  arises  from  the  ingenious  applicati¬ 
on  of  cue-entry  type  FIFO  baffer  and  Cema- 
Ifor  control,  which  has  often  been  taken 
up  in  the  discussion  of  multi-task  0.  S. . 

In  reality,  a  controller  has  only  five  sw¬ 
itches.  which,  in  turn,  would  functionaly 
vary  with  a  type  of  task  working  then.  So 


we  have  several  contrivances  at  the  softw¬ 
are. 

2.5  Reinforcing  Procedures 
On  this  splicing  machine,  sandwiching  re¬ 
inforcement  method  is  applied,  by  which  a 
fiber  ribbon  is  sandwiched  between  reinfo¬ 
rcing  plates, uni  ike  sleeves  of  thermal  sh¬ 
rink.  As  shown  start  as  shown  in  the  moni¬ 
tor. 

in  Figurre  9.  reinforcing  material  is  com 
prised  of  the  upper  and  lower  plates.  The 
upper  plate  is  an  alloy  of  Invar,  and  the 
lower  plate  is  glass  ceramics.  A  hot-melt 


adhesive  is  coated  on  one  side  of  both 
plates. 

When  a  fiber  ribbon  is  sandwiched  between 
reinforcing  plates,  the  Invar  alloy  is  hi¬ 
gh-frequency  heated  to  melt  coated  adhesi¬ 
ve  inside  the  sandwich. 

The  applied  procedures  can  greatly  facil¬ 
itate  automatic  feeding  of  a  reinforcing 
material  by  contrast  with  a  feeding  system 
of  sleeves.  Moreover,  high-f requenc  heati¬ 
ng  shortens  a  length  of  proccessing  durat¬ 
ion. 

3.  Performance 

3.1  Characteristics  of  Splice 

Figure  10-1  and  10-2  show  splice  loss  of 
fiber  ribbon  with  8  fibers  and  4  fibers  r- 
espect  i  ve  I  y. 

Yields  exceed  90X  in  either  case  of  SM  8 
fibers  and  SM  4  fibers.  Faults  proceed 
from  stripping  process  by  BOX  cleaving  pr¬ 
ocess  by  30X.  axial  misalignment  by  lOX. 
and  other  miscellaneous  process  (supply, 
handling,  reinforcement,  etc.)  by  some  lOX. 
When  it  comes  to  consumables  such  as  acti- 


1 36  International  Wire  &  Cable  Symposium  Proceedings  1 992 


ve  parts,  a  clea-ing  blade  endures  at  lea¬ 
st  300  times  of  breaking  for  one  position 
(at  least  12  points  are  available  along  a 
blade:  which  endures  at  least  a  total  of 
3600  time):  similarly,  a  strippng  blade 
and  a  discharging  electrode  have 
at  least  lifespans  of  10000  times  and 
1000  times  respectively.  In  addition,  the 
lifespans  of  consumables  were  determined 
by  means  of  SM  8-flber  ribbon. 

Incidentally,  a  set  of  discharge  electro¬ 
des  is  made  up  of  fusion  splicing  and  cle¬ 
aning  ones,  which  are  unitized  and  replac¬ 
eable  together.  Table  3  shows  the  charact¬ 
eristics  regarding  the  performance  explai¬ 
ned  before. 

3. 2  Operating  Time 

The  splicing  machine  completes  the  cycle 
of  processes  in  about  four  minutes.  As  sh¬ 
own  in  Figure  6.  in  reality,  a  following 
splice  work  overlaps  a  preceding  reinforc¬ 
ement  work,  then  a  net  time  required  for 
one  splice  is  less  than  3  minutes  in  real 
terms. 

This  machine  is  equipped  with  two  sets 


Fig.  10-1 

Histogram  of  splice  loss  forSMSfiber 
ribbon  by  SI 01  fusion  splicer 


Table  3  Performance 


I  terns 

SMB 

SM4 

Average  splice  loss 

(dB) 

0.  034 

0.048 

Standard  deviation 

(dB) 

0.  035 

0.  059 

Yield 

(51) 

93.  3 

92.9 

C 1  eav  i  ng  1  i  f  e-span 

(t imes) 

300  or  more 

— 

Stripping  life-span 

(times) 

10000  or  more 

— 

Electrode  life-span 

(times) 

1000  or  more 

— 

Table  5  Characteristics  of  reinforced  splice 


Test  items 

Loss  change  (dB) 

High  temperature  (80  °  C) 

0. 01  or  less 

Low  temperature  (-40°  C) 

0. 07  or  less 

Damp  heat  (60  °  C. 95XRH) 

0. 02  or  less 

Heat-cycle  (  -30~60°  C) 

0.01  or  less 

Fig.  10-2 

Histogram  of  splice  loss  for  S  M  4  fiber 
ribbon  by  SI 01  fusion  splicer 


F  i.g.  11 

Operating  time  of  S101  fusion  splicer 
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each  of  fiber  cassette  and  reinforcing  ma¬ 
terial 

cassette.  Therefore,  it  is  practicable  to 
preset  following  fiber  ribbons  for  smooth 
operation.  By  extension,  it  can  be  done 
simultaneously  that  a  spliced  fiber  ribbon 
is  put  in  a  closure,  and  following  ribbons 
are  preset  during  splice  work  ongoing  in 
the  main  body.  As  the  case  stands,  the  new 
system  curtails  operating  time  greatly  in 
comparison  with  conventional  splicing  mac¬ 
hines.  By  way  of  trial,  jointing  work  for 
a  800'fiber  cable  comprising  SM  8-fiber 
ribbons  was  simulated,  taking  one  day 
until  the  completion  of  splicing  and  hous¬ 
ing  works.  Figure  1,1  shows  Ope ra t i ng  cycle 
time  of  fusion  splice 

3.3  Environmental  Characteristics  of  Rein¬ 
forcement 

As  shown  in  Table  5.  the  environmental 
characteristics  of  reinforcement  is  on  a 
par  level  with  what  proceeds  from  sleeve 
reinforcement  of  thermal  shrink,  in  a  high 
/low  temperature  test,  damp  heat  test,  and 
heat  cycle  test. 

4  Summary 

We  have  completed  a  full  automatic  fusion 
splicer  for  splicing  and  reinforcing  both 
SM  8  and  4-fiber  ribbons. The  performance 
measures  up  to  a  splice  loss  of  0.05  dB  or 
less,  tact  time  3  min.  or  less,  and  yield 
of  90X  or  more. 

We  would  like  to  conclude  by  thanking  the 
staff  at  NTT  Network  Systems  Development 
Center  for  their  invaluable  advices. 
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Development  of  Compact  Fusion  Splicer  for  4-Fiber  Ribbon  and  Single  Fiber 
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Fujikura  Ltd. 


ABSTRACT 

This  paper  presents  development  of  compact 
discharge  fusion  splicer  for  -l-fiber  ribbon  and 
single  fiber.  Recently,  the  demand  of  compact 
fusion  splicer  for  emergency  repair  etc.  is 
increased  and  the  demand  of  fiber  ribbon  is  also 
increased.  Accordingly,  we  undertook  development 
of  the  compact  fusion  splicer  for  fiber  ribbon. 
This  splicer  is  compact  size  and  easy  to  carry 
compared  with  existent  mass-fusion  splicer.  In 
order  to  obtain  good  splice  result,  the  existent 
mass-fusion  splicer's  splice  technology  is 
applied  to  this  splicer.  This  splicer's  power 
supply  is  an  internal  NiCd  battery  which  can  be 
recharged.  We  spliced  4-fiber  ribbon  and  single 
fiber  by  this  splicer  and  good  result  has  been 
obtained. 


Utilization  of  discharge  fusion  splicer  is 
increased  with  diffusion  of  optical  fiber.  Since 
fusion  splicer  is  used  in  various  situations, 
many  kind  of  splicers  (for  example,  mass-fusion 
splicer,  polarization  maintaining  optical  fiber 
splicer,  etc.)  have  been  developed. 

Recently,  demand  of  optical  fiber  is 
increased,  so  it  has  been  important  how  to 
construct  many  optical  fiber  cables  efficiently 
and  how  to  splice  many  optical  fibers 
efficiently.  Then,  fiber  ribbon  has  been 
diffused  and  demand  of  mass-fusion  splicer  is 
also  increased  with  diffusion  of  fiber  ribbon. 
Moreover,  demand  of  compact  fusion  splicer  for 
emergency  repair  for  optical  cables  or  splicing 
fibers  in  the  buildings  (for  LAN  etc.)  is 
increased.  A  few  compact  fusion  splicers  for 
single  fiber  have  already  existed,  but  existent 
mass-fusion  splicers  are  large  size  and  high-cost 
because  of  their  complicated  fiber-monitoring 
system  which  can  estimates  splicing  point. 
Accordingly,  we  have  developed  the  contact  fusion 
splicer  for  fiber  ribbon. 

On  the  occasion  of  development  of  this 
splicer,  we  took  following  things  into 
consideration . 

1  Small  Size  (easy  to  carry) 

2  Light  weight 

3  Simple  Design  (easy  to  operation) 

4  Low-cost 

5  Low  Splice  Loss 


2.  Feature  of  the  Compact  Fusion  Splicer 

Figure  2-1  shows  an  appearance  of  compact 
fusion  splicer .  This  splicer  is  attempted  to  be 
smaller,  lighter  and  lower-cost  conpared  with  the 
existent  mass-fusion  splicer.  Table  2-1  shows 
the  size  and  weight  of  this  compact  splicer. 


Figure  2-1  Appearance  of  Compact 
Fusion  Splicer 


SIZE 

166X136X57  [mm] 
(except  microscope) 

WEIGHT 

about  2kg 

Table  2-1  The  Size  and  Weight 
of  This  Splicer 
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This  splicer's  power  supply  is  an  internal 
NiCd  battery.  When  the  battery  voltage  becomes 
low,  the  splicer  indicates  "low  battery"  by 
lighting  a  LED.  A  battery  charge  circuit  is  also 
built  in  the  splicer,  and  the  battery  can  be 
charged  by  connecting  AC/DC  converter  to  the 
splicer.  The  internal  battery  can  be  charged  for 
about  1  hour.  We  confirmed  that  4-fiber  ribbon 
could  be  spliced  about  80  times  per  one  charge, 
and  single  fiber  could  be  spliced  about  120 
times . 

This  splicer  has  following  optional  parts. 
The  fiber  image  can  be  observed  with  the  optional 
CCD  camera  and  monitor.  The  .optional  tube  heater 
for  the  heat  shrinking  tube,  which  reinforces 
splicing  point,  and  battery  for  the  tube  heater 
can  be  combined  with  the  splicer. 

Figure  2-2  shows  a  flow  chart  for  a  brief 
operation  of  this  splicer.  Cleaved  fibers  to  be 
spliced  are  set  on  the  splicer.  We  can  observe 
the  fiber  ends  by  a  microscope.  There  is  a  few 
graduations  in  the  microscope.  The  fiber  e.nds 
gap  distance  is  set  by  manual  operation  with  the 
microscope.  After  pushing  the  splice  key  on  the 
splicer  to  start  splicing,  the  fibers  are  fused 
by  discharge  heat  and  stuffed  for  constant 
distance  automatically,  and  the  fibers  are 
spliced. 


3.  PRINCIPLE  OF  SPLICING  FIBER  RIBBON 

In  order  to  obtain  good  splice  result,  the 
existent  mass-fusion  splicer's  splice  technology 
is  applied  to  this  compact  fusion  splicer. 

The  factor  which  affects  splice  loss  very 
much  is  an  axis  offset  between  left  and  right 
fibers.  Then,  the  both  fibers  to  be  spliced  are 
set  on  each  precisely  machined  V-grooves  in  the 
mass-fusion  splicer(^>.  (Refer  to  Figure  3-1.) 
However,  small  fiber  axis  offset  remains  even  if 
the  fibers  are  set  on  the  V-groove.  During  the 
discharge  heating  for  splice,  surface  tension  is 
generated  at  the  fiber  surface,  and  the  fiber 
axes  are  self-aligned  due  to  this  surface 
tension.  In  order  to  use  this  self-aligning  due 
to  this  surface  tension  very  much,  the  discharge 
heating  is  set  to  longer  time  in  the  mass-fusion 
splicer.  This  compact  splicer  also  uses  these 
methods . 


Figure  3-1  Setting  Fiber  ribbon  on  the 
Precisely  Machined  V-groove 

When  fiber  ribbon  is  spliced  by  discharge 
heating,  it  is  important  to  give  uniform  heat  to 
each  fibers  of  ribbon.  If  we  dispose  fiber 
ribbon  as  (A)  in  Figure  3-2,  the  out-side  fibers 
are  given  stronger  heat  compared  with  in-side 
fibers.  Then,  there  is  an  offset  between  the 
fiber  ribbon  level  and  the  electrodes  level  as 
disposition  (B)  in  the  mass-fusion  splicer . 
In  the  disposition  (B) ,  the  uniform  discharge 
heat  is  obtained  along  the  fiber  row.  The  fiber 
ribbon  set  in  this  compact  splicer  is  also 
disposed  as  (B) . 


Figure  2 


2  Flow  Chart  for  Operation 
of  This  Splicer 


— ......Q.  — 0  — .0. 

offset  I 


(B) 


^  (A) 
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electrode 
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Figure  3-2  Position  of  Fibers 
between  Electrodes 
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Usually/  Horizontal  distances  between  the 
electrode  and  fiber  ribbon  (  (a)  and  (b)  in 
Figure  3-3)  are  same  in  the  existent  mass-fusion 
splicer  because  the  discharge  heat  distribution 
is  symmetrical  along  the  fiber  row.  But  we  have 
unsymmetrical  discharge  heat  distribution  in  this 
compact  fusion  splicer.  It  can  be  conjectured 
that  some  material  around  the  electrode  affects 
to  the  discharge.  To  give  an  uniform  heat  to 
each  fibers,  we  adjusted  distance  (a)  and  (b) 
adequately  in  this  compact  splicer. 


b  o  o  d 


Figure  3-3  Horizontal  Distances  between 
Electrode  and  Fiber  Ribbon 


4.  RESULT 

Figure  4-1  shows  single-mode  (SM)  4-fiber 
ribbon  splice  loss  at  room  temperature  using  this 
compact  splicer.  Figure  4-2  shows  SM  single 
fiber  splice  loss  at  rcom  temperature.  We 
obtained  good  result  in  both  4-fiber  ribbon  and 
single  fiber.  Figure  4-3  shows  multi-mode  (MM) 
single  fiber  splice  loss  at  root  temperature.  We 
also  obtained  good  result  in  splicing  MM  fibers. 

Table  4-1  shows  SM  4-fiber  ribbon  and  SM 
single  fiber  splice  loss  result  at  high  and  low 
temperature  (at  40  and  0  degrees  centigrade) .  As 
shown  in  table  4-1,  stable  splice  loss  is 
obtained  in  spite  of  the  temperature. 
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40  J 


30 


20  J 


10 


N=100 

AVG.  0.122dB 


0.1  0.2  0.3  0.4  0.5 

Splice  Loss  [dB] 


Figure  4-1  SM  4-Fiber  Ribbon  Splice  Loss 


Splice  Loss  [dB] 

Figure  4-2  SM  Single  Fiber  Splice  Loss 


Splice  Loss  [dB] 

Figure  4-3  MM  Single  Fiber  Splice  Loss 


Temperature 

N 

Average  Splice  Loss 

SM  4-Fiber 
Ribbon 

OC 

40 

0.135dB 

40''C 

40 

0.124dB 

SM  Single 
Fiber 

O'C 

10 

0.144dB 

40"C 

10 

0.127dB 

Table  4-1  Splice  Loss  at  High 
and  Low  Temperature 
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Figure  4-4  shows  SM  4-fiber  ribbon  splice 
loss  with  the  frequency  of  splice  from  full- 
charged.  The  axis  of  ordinate  shows  an  average 
splice  loss  of  4-fiber  ribbon,  and  the  axis  of 
abscissa  shows  the  frequency  of  splice  from  full- 
charged.  As  shown  in  Figure  4-4,  stable  splice 
loss  can  be  obtained  until  about  90  times.  Over 
90  times,  splice  loss  rises  rapidly  and  we  cannot 
obtain  good  splice.  It  can  be  conjectured  that 
this  rise  of  splice  loss  is  caused  by  decrease  of 
discharge  power  with  drop  of  battery  voltage.  In 
this  splice  test,  the  splicer  indicated  "low 
battery"  at  82  times.  We  can  obtain  good  splice 
loss  at  least  80  times  from  full-charged. 


Figure  4-4  SM  4-Fiber  Ribbon  Splice  Loss 
with  the  Frequency  of  Splice 
from  Full-Charged 


5..,  .COMCLUSIOa 

We  developed  compact  fusion  splicer  for  4- 
fiber  ribbon  and  single  fiber.  We  spliced  4- 
fiber  ribbon  and  single  fiber  using  this  compact 
splicer,  and  we  obtained  good  result  in  various 
situation.  We  confirmed  that  this  splicer  was 
fully  useful  for  emergency  repair  etc. 
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Situation  and  infiuence  of  Standardization 
for  fibres  and  cabies 
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Abstract  :  This  paper  presents  the  organization 
of  standardization  for  optical  fibres  and  cables 
and  the  relationships  between  the  different 
bodies.lt  describes  the  achievements,  the  on¬ 
going  works  and  remaining  problems.  Finally  the 
possible  consequences  and  the  influence  of 
standardization  are  discussed. 


I .  Introduction  : 


Few  years  after  the  first  developments  on 
optical  fibres  and  cables,  the  need  appeared  for 
some  standardization  activity  and  during  the  late 
70's,  the  first  International  Meetings  for 
standardization  of  optical  fibres  and  cables  have 
been  held.  This  activity  has  grown  continuously 
and  there  are  now  several  bodies  and  several 
publications  dealing  with  this  subject.  The 
purpose  of  this  paper  is  to  review  the  situation, 
the  main  achievements,  the  predictable  future 
and  the  main  implications  of  this  work. 


1 1 .  Organisation  of  standardization 


Standardization  is  done  at  different  levels  : 
national,  regional  (North  America,  Europe,  Far 
East)  and  international.  It  is  clear  that  the 
ultimate  goal  is  to  achieve  an  international 
standardization  and  that  other  levels  are  mainly 
concerned  by  the  preparation  of  the  International 
Standards  and  consequently  this  paper  is  mainly 
devoted  to  this  level.  However,  this  paper  consi¬ 
ders  also  the  European  level  for  two  reasons  : 


European  Standardization  is  a  first  level  of 
multinational  discussions  involving  a  large 
number  of  active  countries  in  the  field  of 
optical  fibres  and  cables. 

The  recently  agreed  procedure  of  parallel 
voting  between  some  International  and 
European  bodies  recognizes  this  first  level  of 
consensus  and  may  have  some  influence  on 
the  future  development  of  works. 

11.1. International  level 

Standardization  of  optical  fibres  and  cables  is 
done  in  two  organizations  : 

coin 

International  Telegraph  and  Telephone  Consul¬ 
tative  Committee  (part  of  the  I.T.U.  International 
Telecommunication  Union). 

Secretariat  :  GENEVA  (Switzerland) 

Mainly  concerned  :  Study  Group  VI 
Study  Group  XV 

£0. 

International  Electrotechnical  Commission 
Central  Office  ;  GENEVA  (Switzerland) 

Mainly  concerned  :  T.C.  86 

11.1.1.  CCITT  : 

CCITT  activities  are  dedicated  to  Public  Telecom¬ 
munications. 

Members  are  Telecommunication  Administrations 
and  Operators,  recognized  scientific  and  indus¬ 
trial  organizations.  CCITT  work  is  done  by  4 
years  long  Study  Periods.  "Questions"  are 
adressed  for  a  Study  Period  to  the  Study  Group 
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and  the  result  of  the  work  published  at  the  end  of 
a  Study  Period  as  "Recommendation". 

For  the  Study  Period  1989  -  1992  CCITT  is 
dealing  with  cable  related  subjects  in  Study 
Group  VI  and  with  transmission  and  system 
relat^  subjects  in  Study  Group  XV. 

The  list  of  questions  related  to  optical  fibres  is 
as  follows  : 

From  Study  Group  VI 

07/ VI  Optical  fibre  cable  installation 
08/ VI  Optical  fibre  cable  restoration 
09/ VI  Optical  fibre  cable  construction 
10/ VI  Performance  tests  for  optical  fibre 
cables 

1 1/VI  Optical  fibre  cables  inside  buildings 
12/VI  Optical  fibre  cable  distribution  networks 
13/ VI  Passive  optical  components 

From  Study  Group  XV 

1 1  /XV  Characteristics  and  test  methods  for 
single  -  mode  optical  fibre  cables 
12/XV  Characteristics  and  test  methods  for 
multimode  optical  fibre  cables. 

13/XV  Characteristics  for  submarine  optical 
fibre  cables  and  systems. 

14/XV  Characteristics  of  optical  cables  for 
local  networks. 

15/XV  Characteristics  of  line  systems  on 
optical  fibre  cables. 

16/XV  Characteristics  of  digital  line  systems 
for  use  in  local  networks,  including 
narrow-band  and  broadband  ISDN  access. 
18/XV  Availability  and  reliability  on  line  sys¬ 
tems  on  optical  fibres. 

27/XV  Terminology  for  transmission  equipe- 
ment,  network  and  systems. 

29/XV  Characteristics  of  digital  systems  on 
optical  fibre  cables  for  the  synchronous 
hierarchy. 

31 /XV  Guide  for  the  application  of  new  techno¬ 
logies  in  local  networks. 


CCITT  Work  methods 

Studies  by  CCITT  are  appointed  to  Study  Groups 
(SG's)  by  the  Plenary  Assembly  (PA).  The 
Plenary  Assembly  exists  of  the  166  National 


Telecommunication  Administrations.  Nowadays 
there  are  18  Study  Groups.  Each  Study  Group 
selects  questions  to  be  studied  which  have  to  be 
approved  by  the  PA's. 

Each  question  study  is  coordinated  by  a  Special 
Rapporteur.  This  by  means  of  sending  out  a 
questionnaire  or  a  proposal  of  study. 

The  results  of  the  study  are  published  during  the 
Study  Period  as  white  documents,  delayed 
contributions  or  temporary-documents  and  final 
results  are  published  in  handbooks  or 
recommendations. 

At  the  end  of  a  Study  Period,  the  Plenary 
Assembly  decides  on  ; 

Approval  of  the  Recommendations  (Rec.) 
Publication  of  the  books  and  independent  Rec. 
Organization  of  the  next  Study  Period  and 
relevant  rules. 

Approval  of  the  Questions  and  assignement  to 
the  SG's. 


11.1.2.  I.E.C. 

I.E.C.  works  on  optical  fibres  and  cables  are  done 
in  the  Sub  Committee  86  A  (SC  86  A)  which 
belongs  to  the  Technical  Committee  86  (TC  86)  : 
Fiber  Optics.  Some  others  TC's  or  SC's  within  the 
lEC  can  also  have  an  impact  on  optical  fibres  and 
cables  for  example  the  SC  20C  which  deals  with 
burning  characteristics  of  cables  or  the  SC  47  C 
which  is  in  charge  of  optoelectronic  components. 

SC  86  A  was  inaugurated  at  the  I  EC  Montreal 
meeting  1985  together  with  TC  86  "Fibre  Optics" 
and  SC  86  B  "Fibre  Optic  interconnecting  devices 
and  passive  components".  Before  1985  interna¬ 
tional  standardization  of  optical  fibres  and  cables 
was  done  in  lEC  SC  46  E.  The  scope  of  SC  86  A 
comprises  optical  fibres  and  opticai  fibre  cables, 
excluding  image  transmission  types.  The  main 
activities  in  the  past  have  referred  to 
measurement  and  test  methods  for  fibres  and 
cables. 

Within  the  TC  86  there  are  now  three  Subcom¬ 
mittees  as  a  new  SC  86  C  on  Sub  Systems  has 
been  added  and  Working  Groups  (WG's)  attached 
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to  the  TC  or  to  the  SC’s.  Some  WG's  of  the  TC  86 
can  be  of  interest  for  fibres  and  cables  : 

WG1  -Terminology-Symbology 
WG2-Safety 

WG4-Calibration  of  measuring  equipements 

The  SC  86  A  was  organized  in  three  WG's  : 

WG1-A2,  A2  and  A4  fibres 
(I.e.  "short  distance"  fibres) 

WG2-A1  and  B  fibres 
(i.e.  "long  distance"  fibres) 

WG3-Cables 

Since  the  last  plenary  meeting  in  Madrid  (October 
1991),  the  WG1  and  WG2  have  been  merged  in 
only  one  WG1  :  Fibres,  considering  that  most  of 
the  work  specific  to  short  distance  fibres  was 
done. 

I  EC  work  methods 

The  work  is  done  within  the  WG's  on  subjects 
approved  by  the  National  Committees  by  voting 
on  New  Work  Item  Proposals.  Either  National 
contributions  or  Expert's  contributions  are  used 
during  this  phase.  The  working  groups  present 
the  result  of  their  work  as  Committee  Drafts 
(CD)  documents. 

The  CD's  are  circulated  for  comments  to  National 
Committees.  CD's  and  attached  comments  are 
reviewed  during  the  Plenary  meeting  of  the  SC 
which  decides  if  the  document  is  ready  for 
circulation  as  Draft  International  Standard  (DIS). 

A  document  approved  for  circulation  as  a  DIS  is 
sent  to  National  Committees  for  voting  yes  or  no. 
No  more  comments  are  permitted  during  voting 
on  a  DIS. 

If  accepted,  the  document  is  published  as  an 
International  S'  ndard. 


11.2.  European  level 


CFcn 

CENELEC  Electronic  Components  Committee 
General  Secretariat  ;  Frankfurt  (Germany) 

Note  :  CENELEC  is  the  European  body  in  charge  of 
European  Standardization  for  Electrotechnical 
problems. 

ETSI 

European  Telecommunication  Standards  Institute 
Sophia  Antipolis  (France) 

AECMA 

European  Association  of  Aerospatial  Equipment 
Manufacturers  :  Paris  (France) 

Works  are  in  progress  in  CECC,  responsible  for 
the  European  System  of  Quality  Assessed 
Electronic  Components  and  other  organizations 
such  as  ETSI  and  AECMA  which  are  concerned  by 
specific  categories  of  application. 

Work  in  CECC  is  done  in  the  WG  28  Fibres  and 
Cables.  A  good  cooperation  has  been  established 
between  CECC  WG  28  and  ETSI/TMI/WG1.  Fibres 
and  Cables,  in  the  framework  of  the  general 
agreement  between  CENELEC  and  ETSI.  This 
cooperation  is  based  on  the  subcontracting  by 
CECC  to  ETSI  of  "functional  and  system  related 
aspects"  with  the  intention  of  establishing 
documents,  accepted  by  both  parties,  concerning 
telecommunication  cables,  and  intended  to  be 
published  as  EN  (European  Standard). 

Recently,  an  agreement  as  been  signed  between 
CENELEC  and  lEC  that  offers  the  possibility  for 
both  parties  to  enter  a  document  in  a  parallel 
voting  procedure,  the  DIS  being  submitted  as 
Draft  EN  and  vice  versa.  After  voting  under  this 
procedure,  the  main  difference  comes  from  the 
status  of  EN's  whose  applications  are  mandatory 
in  European  countries.  Therefore  it  is  (at  least  in 
theory)  possible  for  a  European  country  to  cast 
two  different  votes  on  the  Draft  EN  and  the  DIS. 


Several  organizations  are  working  on  the 
standardization  of  optical  fibres  and  cables, 
mainly  : 
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1 1 1  Main  achievements 


III.1.  Documents  published  by  the 
CCITT. 

The  outcome  ot  the  work  of  CCITT  is  published  in 
handbooks  or  recommendations. 

The  S.G.VI  has  published  two  handbooks  after  the 
last  Study  Period  : 

HOP  :  Handbook  Q.utside  £lant  technologies 
for  Public  Networks. 

HOF  :  Handbook  construction,  installation 
jointing  and  protection  of  Optical  Eibre 
Cables. 

Furthemore  the  L  series  of  recommendations  (on 
lightning  protection,  corrosion  protection,  pre¬ 
servation  of  wooden  poles,  ....)  were  extended 
and  they  are  considering  the  case  of  optical 
cables. 

The  SG  XV  has  published  several  recommenda¬ 
tions  which  are  of  interest  for  optical  fibres  and 
cables  ; 

G  651  (Characteristics  of  a  50/125  pm  multi- 
mode  graded  index  optical  fibre  cable) 

G  652  (Characteristics  of  a  single-mode  optical 
fibre  cable) 

G  653  (Characteristics  of  a  dispersion-shifted 
single-mode  optical  fibre  cable) 

G  654  (Characteristics  of  a  1 550  nm  wave¬ 
length  loss  -  minimized  single-mode 
optical  fibre  cable) 

G  955  (Digital  line  systems  based  on  the  1544 
kbit/s  erarchy  on  optical  fibre  cables) 

G  956  (Digital  line  systems  based  on  the  2048 
kbit/s  hierarchy  on  optical  fibre  cables) 


1 1 1.2.  Documents  published  by  the  lEC 


Four  documents  on  optical  fibres  and  cables  have 
been  published.  Since  the  beginning  of  the  work 
they  have  been  improved  by  the  publication  of 
amendments  or  new  editions. 

At  the  time  of  writing  this  paper,  the  situation 
is  : 

Publication  793-1  -  Optical  fibres  -  Generic 
Specification  -  Fourth  Edition  -  Publication 
planned  :  September  1992. 

Publication  793-2  -  Optical  fibres  -  Product 
Specification  -  Third  Edition  -  Published  June 
1992. 

Publication  794-1  -  Optical  fibre  cables  - 
Generic  Specification  -  Third  Edition  - 
Publication  planned  :  November  1992. 

Publication  794-2  -  Optical  fibre  cables  - 
Product  Specification  -  Second  Edition  - 
Published  October  1989. 


III. 3.  Documents  published  (or  ready  for 
publication)  at  European  Level. 

The  CECC  has  prepared  two  documents  which 
have  been  approved  for  publication  as  EN.  They 
are  now  in  process  of  publication. 

EN  187000  -  Generic  Specification  :  Optical  Fibre 
Cables 

EN  188000  -  Generic  Specification  :  Optical 
Fibres. 

ETSI  has  prepared  four  documents  lETS  (Interim 
European  Telecom  Standard).  These  documents 
according  to  the  ETSI  -  CENELEC  agreement  will 
be  considered  by  CECC  in  order  to  prepare  the 
corresponding  Draft  EN  that  should  be,  according 
to  the  parallel  voting  agreement  with  lEC, 
Introduced  for  voting  as  DIS.  They  are  : 

pr.  LETS  300226  :  Single  mode  optical  fibre 
cables  to  be  used  in  ducts  and  for  directly  buried 
application 
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pr.  LETS  300227  :  CCITT  Recommendation  G  652 

-  type  single  mode  optical  fibre. 

pr.  LETS  300228  :  CCITT  Recommendation  G  653 

-  type  single  mode  optical  fibre. 

pr.  LETS  300229  :  Single  mode  optical  fibre 
cables  to  be  used  for  aerial  application. 


1 1 1.4.  Summary  of  the  situation 

From  the  above  description  it  appears  that  the 
ievel  of  Generic  Specifications  (i.e.  the  coiiection 
of  measurement  methods)  has  been  well  covered 
by  the  different  standardization  bodies.  A  lot  of 
work  has  also  been  done  on  the  specification  of 
products. 

However,  if  we  consider  the  different  levels 
necessary  to  achieve  a  complete  set  of  standar¬ 
dization  (3  or  4  levels  according  to  the  bodies  ; 
Generic  Spec  -  Sectional  Spec  -  Family  Spec  - 
Detailed  Spec)  it  appears  that  some  works  has 
still  to  be  done. 


IV  Pending  Issues 

Even  at  the  Generic  level  some  issues  have  been 
discussed  but  they  have  not  achieved  for  the 
moment  a  sufficient  level  of  maturation. 

The  main  items  which  are  still  under  discussion 
for  the  generic  specifications  are  : 

longitudinal  uniformity  of  fibres 
characterization  of  primary  coating 
reliability  and  life  time  of  fibres 
standardization  of  ribbons  :  list  of  test 
methods  and  description  of  the  methods. 

For  other  levels  of  specifications  some  works 
have  also  been  started  concerning,  for  example  , 
some  common  functional  requirements  for  large 
categories  of  products.  The  pr  LETS  prepared  by 
ETSI  are  an  illustration  of  sucii  a  tendency. 

These  documents  could  likely  become  a  good 
starting  point  for  the  preparation  of  family 
specifications  concerning  telecommunication  pro¬ 
ducts. 


Some  other  important  points  are  also  presently 
in  discussion  ; 

Quality  assurance  of  optical  fibres  and 
cables  :  The  work  has  been  initiated  by  the 
CECC  WG  28.  lEC  SG  86  A  has  expressed  a 
strong  interest  but  decided  not  to  duplicate 
the  work  and  to  wait  untii  the  first  results  of 
the  work  on  CECC.  The  WG  28  has  decided  to 
base  in  principle  the  quality  assurance  for 
fibres  and  cables  on  the  Capability  Approvai 
and  an  Ad  Hoc  Working  Group  has  been 
created  to  prepare  a  first  Draft. 

Instaliation  practices  for  opticai  cables.; 

This  subject  has  been  included  in  the  scope  of 
the  WG  3  Cables  of  SC  86  A.  However  what 
is  really  needed  and  how  to  specify  these 
installation  practices  are  not,  at  least  for 
the  moment,  totally  clarified. 

V  Impact  of  standardization 

Is  Standard  a  blocking  or  a  stimulating  factor  for 
technical  progress  ?  The  question  has  been 
discussed  many  times  and  the  answer  is  not 
obvious 

If  we  restrict  the  debate  to  the  case  of  opticai 
fibres  and  cables  it  is,  may  be,  easier  to  provide 
some  answer.  It  has  been  said  quite  often  that 
fibre  optics  technology  evolves  very  quickly.  So 
the  risk  for  the  standards  of  not  being  able  to 
follow  quickly  enough  the  evolutions  exists. 

However  the  short  history  of  optical  standards 
shows  an  important  evolution  :  the  4  th  Edition  of 
the  I  EC  Pubiication  793-1  Generic  Specification 
of  Fibres  is  now  ready  for  publication  and  every 
previous  edition  has  been  the  subject  of  one  or 
two  amendments  to  follow  the  evolutions.  Other 
lEC  Standards  have  also  been  updated 
continuously. 

On  a  similar  way  CCITT  Recommendations  are 
updated  every  4  years. 

Moreover  the  agreements  on  some  key  issues  on 
Standards  have  certainly  been  a  stimulating 
factor  for  the  industry.  The  agreement  on  the 
dimensions  of  multimode  fibres  (50/125  pm)  as 
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early  as  1980  has  been  an  important  factor  to 
limitate  the  proliferation  of  different 
unnecessary  types  of  fibres  and  to  promote  the 
starting  up  of  the  industry. 

So  it  seems  that,  due  to  the  possibility  of 
amendments  and  new  editions  of  Standards 
supported  by  a  continuous  work  of  experts  in 
Standard  Committees,  the  standardization  of 
optical  fibres  and  cabies  had,  up  to  now,  very 
few  negative  impacts  on  the  development  of  the 
Industry  and  has  been,  at  several  occasion  a  good 
help  and  support  for  this  development. 


Division  until  the  merging  in  1986  of  LIT  cable 
activities  with  Les  Cables  de  Lyon  now  Alcatel 
Cable.  He  is  now  Director  of  Technical  Inter¬ 
national  Marketing  at  Alcatel  Cable  Telecom¬ 
munications  Branch. 

He  is  involved  in  International  Standardization  of 
optical  fibers  and  cables  (Chairman  of  CECC  WG 
28  and  Secretary  of  lEC  SC  86  A). 


VI  Conclusion 

Ihe  review  of  standardization  activities  for 
optical  fibres  and  cables  shows  that  a  consistent 
work  has  been  done  since  the  late  70's  and  that  it 
has  been  possible  to  follow  the  quick  evolution  of 
the  technology.  It  still  remains  some  important 
points  to  be  solved. 

To  solve  these  points  and  to  continue  to  follow 
the  technological  changes,  that  will  be  the 
challenge  of  standardization  bodies  for  the  next 
yearn. 
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1.  ABSTRACT 

In  order  to  achieve  the  construction  of  optical 
subscriber  networks  for  Fiber  To  The 
Home(FTTH)  in  the  future,  it  will  be  necessary  to 
use  high-count  optical  fiber  cables. 

In  this  paper,  we  attempted  to  attain  higher 
density,  short-time  working  for  fiber  fusion  splice 
and  easy  identification  with  encasing  ribbons  in 
loose  tubes.  The  sizes  of  tubes  to  be  used  for  this 
purpose  were  investigated  in  respect  of  tube-to- 
ribbon  clearance.  An  optimum  structure  of  ribbon 
loose  tube  cable  encasing  high-count  fiber  was 
investigated.  Ribbon  loose  tube  cables  were  made 
experimentally  based  on  the  results  of  these 
investigations  and  evaluated  for  their  transmission 
and  mechanical  characteristics. 

2.INTRODUCTION 

In  recent  year,  optical  fiber  cable  networks  find 
extensive  use  in  various  applications,  transmission 
of  much  more  information  has  become  necessary 
with  requirements  of  increasing  number  of  fibers 
and  higher  density  for  these  cables.  Increasing  the 
number  of  fibers  requires  mass  fusion  splicing  and 
easy  identification  of  fiber.  An  example  of  the 
fiber  structure  that  can  satisfy  such  requirements  is 
a  ribbon  fiber.  In  this  paper,  the  number  of  fibers 
was  increased  by  encasing  plural  ribbons  in  each 
loose  tube,  and  an  optimum  structure  for  ribbon 
loose  tube  cables  was  designed  without  degrading 
transmission  losses,  mechanical  and  water 
penetration  characteristics. 

First,  when  determining  the  sizes  of  the  loose 
tube  in  which  to  encase  ribbons,  several  tubes  were 
made  on  trial,  which  are  different  in  tube-to- 
ribbon  clearance  and  in  fiber  excess  length.  For 
each  of  these  tubes,  the  minimum  ribbon  bend 
radius  in  the  loose  tube  was  calculated  from  the 
tube-to-ribbon  clearance  and  fiber  excess  length, 
and  its  relationship  with  ribbon  fiber  loss  increase 
was  investigated  to  determine  the  permissible 
ribbon  bend  radius  in  the  loose  tube.  Further,  the 


low  temperature  contraction  percentage  in  a  cable 
structure  was  estimated,  and  an  optimum  tube-to- 
ribbon  clearance  was  determined  from  the 
relationship  between  the  minimum  bend  radius  and 
the  tube-to-ribbon  clearance  by  investigating 
ribbon  meandering  caused  at  low  temperature. 
Actually,  these  investigations  were  made  on  jelly- 
filled  tubes  each  having  either  for  4-fiber  or  12- 
fiber  ribbons  encased  therein. 

Next,  the  design  of  an  optimum  cable  structure 
was  determined  from  the  ribbon  curvature  radius 
calculated  from  the  stranding  pitch,  at  which  six 
tubes  each  containing  four  ribbons  are  stranded 
around  a  central  member. 

Finally,  the  ribbon  tube  cables  (with  up  to  288 
fibers  )  were  made  as  a  result  of  these 
investigations  and  evaluated  for  transmission  and 
mechanical  characteristics. 

3.CABLE  STRUCTURE 

Optical  fiber  cables  currently  being  in  extensive 
use  are  roughly  classified  into  two  types:  loose  and 
tight.  In  terms  of  fibers  encased  in  cables,  there  are 
two  types  of  fiber  unit:  fiber  bundle  type  and 
ribbon  fiber  type.  The  conventional  loose  tube 
cable  encases  plural  single  fibers  in  each  tube  as 
shown  in  FIG.l.  Usually  such  cables  are  easy  to  be 
made,  but  cannot  include  more  than  about  twelve 
fibers  per  tube  at  maximum.  Therefore,  these 
cables  are  used  for  low-fiber  count  with  a  compact 
structure,  and  an  attempt  to  increase  the  number  of 
fibers  in  a  tube  would  give  rise  to  such  problems  as 
"it  is  troublesome  to  identify  individual 
fibers","working  for  fiber  fusion  splice  has  to  be 
done  many  times,  which  is  uneconomical",  etc. 
Working  time  for  fiber  splice  consists  of 
preparation  time  for  splicing  and  splicing  time  with 
fusion  splicer,  reinforcement  time  by  heat- 
shrinkable  tube.  Working  time  for  high  count  fiber 
splice  with  single  fiber  and  6-fiber  ribbon,  12-fiber 
ribbon,  12-fiber  ribbonization,  respectively  is 
shown  in  FIG.4.  12-fiber  ribbonization  is  to  apply 
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Fig.l  Fiber  bundle  loose  tube  cable  stmcture 
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Fig.2  1000-fiber  slotted  core  ribbon  cable  structure 

the  adhesive  on  the  arranged  twelve  fibers  to  form 
the  12-fiber  ribbon.  Working  time  with  6-fiber 
ribbon  and  12-fiber  ribbonization  are  about  half  of 
that  with  single  fiber.  Moreover,  working  time 
with  12-fiber  ribbon  is  about  quarter  of  that  with 
single  fiber.  Ribbon  fiber  unit  is  used  extensively 
to  avoid  above  problems.  As  a  loose  tube  cable 
using  ribbons,  a  high-cpunt  fiber  cable  is  used 
extensively,  which  has  multi-fiber  ribbons  encased 
in  central  core  tube  to  provide  as  much  as  200 
fibers.  With  this  type  of  loose  tube  cable,  however, 
it  would  be  difficult  to  attain  a  further  increase  of 
fiber-number.  On  the  other  hand,  there  is  another 
loose  tube  cable  in  which  cable  cores  constructed 
with  two  stranded  layers  of  LAP  pipes  each  having 
multi-fiber  ribbons  with  Graded-Index  fibers,  but 
it  has  not  reached  the  stage  of  practical  application 
yet.ni  While,  the  tight  type  includes  a  slot  type 
cable  using  ribbons.  The  slot  type  tight  cable 


contain  ribbons  as  shown  in  FIG.2,  so  it  provides 
as  much  1000  fibers  with  a  compact  structure. 

In  view  of  the  foregoing,  we  made  investigations 
to  design  a  tube  ribbon  cable  as  shown  in  FIG.3, 
which  is  a  six-tube  type  structure  and  enable  a 
further  increase  more  than  200  fibers.  This  cable 
contains  multi-fiber  ribbons,  so  individual  fibers 
are  easy  to  identify.  Moreover,  using  ribbon  fiber 
makes  it  possible  to  attain  short-time  working  for 
fiber  fusion  splice  as  shown  in  FIG  .4.  Six  such 
tubes  are  stranded  into  a  cable,  so  a  further 
increase  in  number  of  fibers  becomes  possible.  In 
this  paper,  96-  and  288-  fiber  cables  were  designed 
by  using  4-  and  12-  fiber  ribbons,  respectively. 
Tliese  cables  were  all  sheathed  with  polyethylene 
and  made  very  compact  in  structure  with  an  outside 
diameter  less  than  20  mm. 
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Fig.  3  Developed  ribbon  loose  tube  cable  structure 


Fig.4  Working  time  for  fiber  splice  at  each 
of  fiber  type 
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4.  CABLE  DESIGN 


(1)  Optical  Fiber  Ribbon 

The  fiber  used  in  this  study  was  a  single-mode 
fiber.  It  is  a  fiber  in  common  use,  its  major 
characteristics  are:  MFD  =  9.5±0.5  jim,  X,  =  1.10 
to  1.28  pm,  fiber  diameter  =  125|j.m,  and  dual 
coating  O.D.=250pm. 

Multi-fiber  ribbons  are  classified  into  two  types: 
edge-bonded  and  encapsulated,  as  shown  in  FIG.5. 
The  encapsulated  type  is  said  to  be  higher  in 
resistance  to  lateral  pressure  by  a  value 
corresponding  to  the  coating  thickness  of  the 
ribbon  and  is  used  in  slot  type  cables.  On  the  other 
hand,  the  edge-bonded  type  is  frequently  used  in 
loose  cables,  whose  structure  gives  compacmess  in 
total  thickness  of  stacked  ribbons.  In  this  study,  for 
the  purpose  of  investigating  loose  cables,  we  used 
edge-bonded  12-fiber  ribbons.  At  the  same  time, 
we  investigated  a  loose  tube  having  encapsulated  4- 
fiber  ribbons  encased  therein  for  comparison. 


Encapsulated  type  ribbon 


Edge-bonded  type  ribbon 


Fig.  5  Two  types  of  1 2-fiber  ribbon 


Fig.6  Loose  tube  encasing  12-fiber 
ribbon  structure 


The  optical  loss  increase  resulting  from  various 
stresses  applied  to  the  cable,  e.g.,  when  it  is  made 
low  in  temperature,  is  considered  attributable  to 
the  occurrence  of  micro/macrobending  of  the 
fibers.  First,  tubes  having  different  fiber  excess 
lengths  and  tube-to-ribbon  clearances  were 
manufactured  and  measured  for  loss  increase  in 
them.  Supposing  that  the  ribbons  bending  in  the 
tube  along  a  sine  curve  owing  to  the  excess  length, 
resulting  in  such  bending  which  causes  ribbon  loss 
increase,  this  bending  is  generally  assumed  to  be 
able  to  be  approximately  represented  as  the 
minimum  bend  radius  (Rmin)  by  (2),I2]|3][4] 


(2)  Loose  Tube  Design 

The  tube  structure  used  for  investigation  was  a 
resin-made,  jelly -filled  loose  tube  having  four  12- 
fiber  ribbons  encased  therein,  as  shown  in  FIG.6. 
The  resin  used  was  a  thermoplastic  resin  having 
heat  resistance  and  high  Young's  modulus.  The 
jelly  was  used  as  filling  compound  for  loose  tube 
cables. 

The  tube-to-ribbon  clearance  (C)  and  the  fiber 
excess  length  (e)  are  important  parameters  for 
determining  the  loose  tube  size.  Here,  the  clearance 
(C)  is  defined  as  shown  in  FIG.6  and  the  fiber 
excess  length  (e)  is  the  ratio  of  the  length  of 
encased  ribbon  to  the  tube  length.  Assuming  that 
LT=tube  length  and  LR=ribbon  fiber  length,  the 
fiber  excess  length  is  represented  by  (1), 

€  =(Lr-Lt)/Lt  (1) 


Rmin=C/8£  (2) 

The  relationship  between  Rmin  calculated  by  (2) 
and  the  average  loss  increase  in  the  ribbons  of  each 
tube  is  was  investigated  and  given  in  FIG. 7.  As  a 
result  of  this  experiment,  Rmin  can  be 
approximately  represented  by  (3)  with  the  optical 
loss  increase  taken  as  a(dB/km,  atl  .5Sp.m), 

a=2.05*109Rmin-5-3  (3) 

when  the  optical  loss  increase  by 
micro/macrobending,  resulting  from  the  stress 
applied  to  the  cable  ,  is  allowed  to  be  less  than  0.05 
dB/km.  Therefore,  it  is  necessary  that  Rmin  be 
larger  than  100mm  in  order  to  reduce  the  optical 
loss  increase  by  micro/macrobending  in  the  loose 
tube  below  0.05dB/km. 
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Fig.7  Relationship  between  calculated  Rmin 
from  excess  length  and  average  loss 
increase  for  ribbon  fibers  in  the  tube. 


Next,  a  tube  size,  with  which  the  loss  increase  is 
held  at  less  than  0.05dB/km  when  the  cable  is 
stressed,  could  be  calculated  by  setting  a  tube-to- 
ribbon  clearance,  which  ensures  a  value  of 
Rinin>100mm  even  when  the  fiber  in  the  tube 
undergo  micro/macrobending  as  a  result  of  stresses 
actually  applied  to  the  cable.  In  this  case,  the 
contraction  of  the  cable  at  low  temperature  was 
assumed  as  the  cable  stress  that  causes 
micro/macrobending  to  the  fibers.  Supposing  a 
ribbon  loose  tube  cable  as  shown  in  FIG. 3,  the 
low-temperature  contraction  of  the  cable  can  be 
approximately  estimated  from  the  thermal 
expansion  coefficient  of  the  cable  and  ribbon  fiber 
materials.  For  a  cable  having  four  12-fiber  ribbons 
encased  in  tubes  as  shown  in  FIG.3,  its  thermal 
expansion  coefficient  is  estimated  from  the  cross 
sectional  area  and  Young's  modulus  of  the  central 
member.  Namely,  if  the  wall  thickness  of  the  tube 
is  fixed  and  the  tube  size  is  in  a  conceivable  range, 
the  thermal  expansion  coefficient  of  the  cable  can 
be  approximately  calculated  from  the  specification 
of  the  central  member  used  for  the  cable.  The 
central  member  used  here  was  an  FRP  member  of 
about  S  mm  in  diameter,  commonly  used  for  cable 
as  shown  in  FIG.3.  From  the  foregoing,  the 
thermal  expansion  coefficient  (P)  of  the  cable  was 


assumed  to  be  equal  to  1.8*10-5.  2.0*10-5  or 
2.2*10-5  (  1/°C  ).  Hence,  taking  the  temperature 
change  of  the  cable  when  made  low  in  temperature 
as  "  T",  the  contraction  percentage  (AL)  of  the 
cable  can  be  approximated  by  (4), 

AL=AT*p  (4) 

The  fiber  excess  length  caused  in  the  ribbons  in 
the  tube  under  the  low-temperature  contraction  of 
the  cable  is  the  sum  of  the  value  resulting  from  this 
contraction  and  the  value  produced  in  the  stage  of 
cable  fabrication.  Assuming  that  sine  wave-like 
micro/macrobending  in  the  ribbons  is  caused  by 
this  excess  length,  the  following  formula  (5)  for 
micro/macrobending  can  be  derived  by 
approximately  from  (2), 

Rmin  =C/8(AL-l-8)  (5) 

For  temperature  changes  of  bCC,  the  tube-to- 
ribbon  clearance  (C)  and  minimum  bending  radius 
(Rmin)  were  calculated  by  (4)  and  (5).  As  a  result, 
FIG.8  was  obtained.  Taking  also  into  consideration 
the  permissible  micro/macrobending  (Rmin)  of 
more  than  100  mm,  needed  to  reduce  the  optical 
loss  increase  m  the  ribbons  of  the  tube  below  0.05 
dB/km,  the  permissible  tube-to-ribbon  clearance 
for  the  tube  under  consideration,  which  has  four 
12-fiber  ribbons  therein,  is  considered  sufficient 
for  this  type  of  tubes,  provided  that  the  tube-to- 
ribbon  clearance  is  satisfied  to  be  a  value  of  1 .2mm 
at  minimum. 


Fig.8  Relationship  between  tube-to-ribbon  clearance 
and  calculated  Rmin  about  assumed  P 
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(3)  Cable  Design 

What  is  most  important  when  designing  a  loose 
tube  cable  is  to  determine  an  optimum  value  of 
curvature  ribbon  radius  for  stranding  in  tubes, 
accordingly  to  minimize  the  fiber  strains  resulting 
from  the  ribbons  being  bent  with  the  curvature 
radius  of  the  tubes  when  stranded  into  a  cable.  As 
the  long-term  reliability  of  the  optical  cable  is 
affected  the  residual  strain  of  the  fiber  with  the 
curvature  radius  for  stranding.  Here,  the 
relationship  between  the  ribbon  bend  in  the  tube 
and  the  tube  stranding  pitch  was  investigated.  The 
curvature  radius  of  the  ribbons  in  the  tube  was 
estimated,  using  tubes,  which  satisfy  the 
permissible  tube-to-ribbon  clearance  derived  in  the 
preceding  section  and  taking  the  stranding  pitch  as 
a  parameter  for  the  cable  having  a  structure  as 
shown  in  FIG.3.  The  curvature  radius  (p)  of  the 
ribbons  when  the  tubes  are  stranded  around  the 
central  member  is  approximated  by  (6),151  with  the 
tube  diameter  as  "a"  and  the  diameter  of  the  central 
member  as  "b"  , 

p=(a-t-b)/2+{(p/27C)2/(a+b)/2}  (6) 

In  addition,  the  minimum  curvature  radius  when 
the  cable  under  consideration  is  wound  on  a  test  or 
experimental  reel  was  also  calculated.  The  results 
are  given  in  FIG.9.  Here,  the  drum  O.D.  for  cable 
tests  was  taken  equal  to  800  mm  and  1000  mm,  and 
the  state  of  the  cable  not  wound  on  the  reel  was 
take  as  "po".  In  general,  at  both  the  loose  tube  cable 
and  the  slot  type  cable,  the  curvature  radius  for  the 


Fig.  9  Relationship  between  Stranding  Pitch 
and  calculated  curvature  radius 


encased  fibers  (including  the  ribbon  type)  is 
experimentally  required  to  be  more  than  1000  mm 
in  terms  of  the  residual  strains  affecting  the  long¬ 
term  reliability.  For  cable  performance  tests,  a 
curvature  radius  of  more  than  300  mm  seems 
necessary  because  the  cable  is  kept  wound  on  the 
reel  for  just  a  short  time.  Taking  these  into 
account,  a  stranding  pitch  of  more  than  400  mm 
seems  necessary  in  designing  a  ribbon  type  loose 
tube  cable  having  a  stmcture  as  shown  in  FIG.3. 

5.  TRIAL  MANUFACTURE  OF  CABLES  AND 
THEIR  EVALUATION 

(1)  Cable  Structure 

Based  on  the  investigation  results  in  the 
preceding  section,  cables  having  the  structure  of 
Table.  1  were  manufactured  by  using  tubes  each 
having  either  four  4-fiber  or  12-fiber  ribbons 
therein.  In  the  following  sections,  the  evaluation 
results  are  presented  for  only  12-fiber  ribbon  loose 
tube  cable.  The  performance  of  4-fiber  ribbon 
loose  tube  cable  was  investigated  and  found  to  ’je 
equivalent  or  superior  to  that  of  12-fiber  ribbon 
loose  tube  cable. 


Item 

4-fiber  ribbon 

12-fiber  ribbon 

Fiber 

Number 

96 

288 

Strand 

Pitch 

500  mm 

500  mm 

Central 

Member 

(|)4mm(FRP) 

(t)5mm(FRP) 

Diameter 

16  mm 

20  mm 

Weight 

170  kg/km 

250  kg/km 

Table.  1  Characteristics  of  experimental  cable 


(2)  Optical  Attenuation  Increase  in 

Cable  Manufacturing  Process 
The  change  in  optical  attenuation  increase  in  the 
cable  manufacturing  process  is  given  in  FIG.  10. 
As  seen  from  this  figure,  the  fibers  exhibits  a  stable 
optical  attenuation  both  after  tubing  and  stranding. 
TTierefore,  the  size  and  stranding  pitch  of  the  tubes 
can  be  said  to  be  appropriate. 
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Fiber  Ribbon  Tube  Stranding  Sheath 

Fig.  10  Attenuation  change  in  Cable  Manufacturing 
Process 


(3)  Temperature  Cycling  Test 

To  predict  the  long-term  reliability  of  optical 
attenuation  for  cables,  we  subjected  cables  to  a 
heat  cycle  test.  The  temperature  cycle  pattern  for 
this  test  and  the  obtained  results  are  given  in 
FIG.ll.  The  change  in  attenuation  at  this  test  was 
stable  and  did  not  exhibit  at  low  temperature.  The 
micro/macrobending  losses  of  the  fibers,  which 
seem  to  have  been  caused  by  cable  contraction  at 
low  temperatures,  were  below  0.05  dB/km.  Thus 
the  test  cables  were  superior  in  low-temperature 
characteristics. 


Fig.  1 1  Result  of  heat  cycling  test  for  the  trail  cable 


(4)  Mechanical  Tests 

The  methods  and  requirements  for  mechanical 
tests  made  in  this  study  as  shown  in  Table.2.  The 
results  of  the  tensile  and  compression  tests  satisfied 
the  requirements  as  shown  in  FIG.  12, 13, 
respectively. 


Test  item 

Condition 

Loss  change 

Tensile 

Tensile  load 
:  100m/300kg 
atl.55iun 

During  the  test 

<0.05dB 

Compression 

Compressive  load 
:  100mm/250kg 
atl.55|im 

During  the  test 

<0.05dB 

Table.2  Requirements  of  mechanical  characteristics 


Fig.  1 2  Result  of  tensile  test  for  trail  cable 


Fig.  13  Result  of  compression  test  for  trail  cable 
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6.  CONCLUSION 

As  described  in  the  foregoing,  we  evaluated  the 
design  of  a  loose  tube  cable,  which  has  multi-fiber 
ribbons  encased  in  tubes,  in  terms  of  tube-to- 
ribbon  clearance  and  the  curvature  radius  of  the 
ribbons  in  tubes  when  stranded  into  a  cable,  and 
actually  made  such  cables.  The  obtained  cables 
were  superior  in  optical  transmission  losses,  low 
temperature  and  mechanical  characteristics.  Using 
such  theory  made  it  possible  to  attain  a  further 
increase  in  number  of  fibers  without  degrading 
cable  performance  and  economics  the  high-count 
loose  cables  equivalent  to  conventional  fiber  bundle 
loose  tube  cables,  and  to  realize  an  efficient  fusion 
splicing  and  a  compact  structure  that  are 
advantages  of  ribbon  type  cables. 
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ABSTRACT 

More  stringent  performance  demands  are  being  placed  on 
fiber-optic  cables  to  operate  reliably  for  long  periods  of  time  in 
hostile  environments.  For  example,  underground  steam  pipe 
leaks  or  ruptures  and  subsequent  failure  of  neighboring  fiber¬ 
optic  and  copper  cables  are  becoming  increasingly  common  in 
the  large  cities  of  the  U.  S.  due  to  aging  steam  systems.  These 
occurrences  are  of  major  concern  to  most  of  the 
telecommunication  operating  companies.  In  general,  the  steam 
is  superheated  and  is  under  high  pressure  and  at  high 
temperature.  When  a  high  pressure  steam  pipe  ruptures,  the 
fiber-optic  cable  is  exposed  to  a  high  temperature,  high 
moisture,  and  high  velocity  environment.  It  is  estimated  from 
field  data  that  the  maximum  steam  temperature  to  which  the 
cables  may  be  exposed  when  there  is  a  steam  pipe  leak  or  break 
could  be  as  high  as  140“C  (284°F).  The  duration  of  exposure 
could  be  as  long  as  several  months.  Other  hostile 
environments  the  fiber-optic  cable  may  be  exposed  to  are  as 
follow  :  high  temperature,  petroleum  products,  chemicals, 
corrosion,  hydrogen,  lightning,  rodents  and  insects,  and 
shallow  water.  A  new  fiber-optic  cable  has  been  designed  and 
developed  to  withstand  and  operate  in  the  above  mentioned 
hostile  environments  and  is  described  in  the  paper. 

INTRODUCTION 

Optical  fiber  transmission  systems  have  been  maturing  over  the 
past  two  decades  and  are  saturating  the  communication 
networks  around  the  world.  As  they  saturate,  the  systems  are 
either  encountering  unforeseen  hostile  environments  or 
proliferating  into  new  applications  with  known  hostile 
environments.  The  transmission  media,  the  cables,  are 
particularly  vulnerable  to  exposure  to  these  environments.  The 
severity  and  significance  of  these  commonly  encountered 
outside  plant  hostile  environments  and  a  fiber-optic  cable 
capable  of  surviving  these  environments  are  discussed  below. 

HOSTILE  ENVIRONMENTS 

Commonly  encountered  hostile  environments  in  outside  plant 
are  as  follow  :  steam,  high  temperature,  petroleum  products, 
chemicals,  corrosion,  hydrogen,  lightning,  rodents  and  insects, 
and  shallow  water.  The  severity  and  significance  of  these 
environments  are  expanded  on  below. 

Steam 

Underground  ste^m  pipe  leaks  or  ruptures  and  subsequent 


failure  of  neighboring  fiber-optic  and  copper  cables  are 
becoming  common  in  over  40  large  cities  of  the  U.  S.  due  to 
aging  steam  systems  [1].  Such  failures  are  of  major  concern  to 
most  of  the  telecommunication  operating  companies.  In 
general,  the  steam  in  underground  pipes  is  superheated  and  is 
under  high  pressure  and  at  high  temperature.  The  operating 
condition  of  the  steam  inside  the  pipes  varies  generally  from 
0.69  MPa  (100  psig)  to  2.76  MPa  (4{X)  psig).  The 
corresponding  minimum  temperature  (higher,  if  superheated) 
of  the  steam  varies  from  165°C  (329°F)  to  230°C  (446°F). 
Field  data  and  a  thermodynamic  modeling  and  analysis  of  a 
steam  pipe  rupture  [2]  indicate  that  the  maximum  steam 
temperature  to  which  the  cable  are  generally  exposed  when 
there  is  a  steam  pipe  leak  or  rupture  could  be  as  high  as  140°C 
(284°F).  The  duration  of  exposure  could  be  as  long  as  several 
months.  Cunent  standard  commercial  fiber-optic  cables  have 
been  found  to  fail  in  such  an  environment,  and  several  such 
failures  have  been  documented  by  the  telecommunication 
operating  companies.  The  failures  are  not  surprising  since  the 
cables  were  not  designed  for  such  an  environment.  The  high 
temperature  and  high  humidity  conditions  degrade  or  melt  the 
cable  materials  leaving  the  fibers  vulnerable  to  mechanical 
damage. 

High  Temperature 

Fiber-optics  transmission  systems  frequently  encounter  high 
temperature  environments  with  moderate  or  low  humidity.  For 
example,  it  occurs  in  nuclear,  coal  and  oil  powered  plants,  ship 
engine  rooms,  aircraft  engines,  metal,  chemical  and  petroleum 
processing  plants,  and  smelting  and  heat  processing  facilities 
for  metals  and  refractories. 

Petroleum  Products 

Communication  systems  ate  frequently  exposed  to  hostile 
fluids  such  as  gasoline,  diesel  fuel,  turbine  fuel  (JP-5,  JP-6, 
etc.),  hydraulic  fluids,  lubricating  oils,  etc.  Quite  frequently, 
processing  facilities,  airports,  and  aircraft  and  ship  engines  are 
some  examples  where  such  hostile  fluid  environments  are 
found.  Most  of  the  current  thermoplastic  materials  used  in 
communication  cables  soften  or  may  even  dissolve  in  these 
high  temperature  hostile  fluid  environments. 

Chemicals 

In  addition  to  petroleum  based  hostile  fluids,  communication 
systems  may  also  be  exposed  to  other  hostile  fluids/chemicals 
such  as  high  concentrations  of  coolants,  alcohol,  chlorinated 
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organic  and  ketone  based  solvents,  salt/sea  water,  acids, 
alkalis,  and  other  chemicals. 

Corrosion 

As  a  result  of  combinations  of  some  or  all  of  the  environments 
discussed  above  and/or  natural  contaminants,  pollution  and 
other  sources,  a  nigh  potential  exists  for  corrosion  problems  in 
the  outside  plant. 

Hydrogen 

When  metals  corrode,  the  accompanying  cathodic  reaction  can 
result  in  the  generation  of  molecular  hydrogen.  The  metals  are 
often  found  in  the  outside  plant  either  in  the  cable  as  a 
component  or  as  a  protective  system  such  as  metal  ducts. 
Molecular  hydrogen  is  known  to  cause  a  significant  increase  of 
attenuation  in  optical  fibers. 

Lightning 

Lightning  is  a  natural  phenomenon  which  is  very  prevalent  in 
the  outside  plant  throughout  the  world.  For  example,  almost 
the  entire  U.  S.  is  susceptible  to  lightning  strikes  of  differing 
magnitudes.  When  metals  are  used  in  outside  plant  cables, 
they  anract  lightning,  significantly  increasing  the  possibility  of 
cable  damage. 

Rodents  and  Insects 

Rodents  and  insects  attack,  like  lightning,  is  another  natural 
problem  which  is  also  very  prevalent  throughout  the  world. 
Some  of  the  most  common  rodents  which  attack  cables  are 
gophers  (Geomys  Bursarius),  wood  rats  (Newtoma  Mexicana), 
squirrels  and  groundhogs.  In  the  U.  S.,  while  squirrels  and 
groundhogs  are  prevalent  throughout,  over  60%  of  the  country 
is  infested  with  gophers.  Regarding  insects,  for  example,  in 


the  Gulf  coast  areas  of  the  U.  S.,  the  voracious  Formosan 
termite  (Coptotermes  Formosanus)  has  attacked  directly  buried 
cables  and  underground  cables. 

Shallow  Water 

The  potential  for  exposure  of  outside  plant  cables  to  shallow 
water  is  very  high.  One  scenario  is  the  prossibility  of  flooding 
due  to  heavy  rains.  Other  possibilities  of  flooding  are 
underground  installations  where  the  water  mains,  aqueducts,  or 
dikes  could  rupture  and  flood  underground  ducts.  In  other 
cases,  the  cable  may  have  been  deployed  in  known  shallow 
water  areas,  for  example,  rivers,  lakes,  or  bays. 

FIBER-OPTIC  CABLE  FOR  HOSTILE  ENVIRONMENTS 

A  new  fiber-optic  cable  has  been  designed  and  developed  for 
application  in  the  above  hostile  environments,  individually  or 
in  combinations  thereof.  The  original  design  intent  was  to 
develop  a  fiber-optic  cable  for  underground  steam  leak 
problems,  which  also  included  the  high  temperature,  petroleum 
products,  chemicals,  corrosion,  and  hydrogen  capabilities.  The 
cable’s  capability  and  application  to  the  remaining 
environments,  lightning,  rodents  and  insects,  and  shallow 
water,  are  additional  performance  benefits  of  the  cable  design. 

Cable  Design 

The  hostile  environment  fiber-optic  cable  consists  of  the  core 
cable  and  an  oversheathing  as  shown  in  Figures  1  (isometric 
view)  and  2  (cross-sectional  view). 

The  key  design  concept  of  this  cable  is  a  seam-welded, 
corrugated  copper  barrier  that  keep  all  of  the  hostile 
environments  except  temperature  from  reaching  the  heart  of 
the  cable,  called  the  core  cable.  Use  of  suitable  materials  for 
long-term  140°C  (284'’F)  exposure  for  the  core  cable  assures 


Figure  1.  bometric  View  of  Hostile  Environment  Cable 
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Figure  2.  Cross-Sectional  View  of  Hostile  Environment  Cable 


the  performance  of  the  cable  in  the  hostile  environments.  The 
core  cable  is  a  dielectric-crossply-sheathed  cable  [3].  It 
consists  of  a  polyester  core  tube,  which  houses  the  fibers  [4,5] 
in  the  form  of  bonded  ribbons  (1  to  18  12-fiber  ribbons)  [6], 
and  filling  compound.  A  waterblocking  tape  is  wrapped 
longitudinally  over  the  core  tube.  Two  sets  of  fiber  glass 
strength  members  and  two  polyester  yam  rip  cords  are  stranded 
over  the  waterblocking  tape  having  opposite  lays.  A  polyester 
jacket  is  then  extruded  completing  the  core  cable  construction. 
In  the  oversheathing  operation,  an  aramid  yam  rip  cord  is 
placed  longitudinally  over  the  core  cable.  Two  waterblocking 
tapes  are  then  wrapped  helically  over  the  core  cable  and  rip 
cord.  A  strip  of  copper  tape  is  then  formed,  welded,  drawn  and 
corrugated  to  provide  a  metallic  barrier  to  the  core  cable.  The 
cable  is  then  completed  by  extruding  a  fluoropolymer  or  a  high 
density  polyethylene  (HDPE)  outer  jacket.  The  outer  diameter 
of  the  finished  cable  ranges  from  16  to  19  mm  (0.63  to  0.75  in.) 
depending  on  the  number  of  fibers/ribbons  in  the  cable. 

The  copper  barrier  and  the  selection  and  use  of  suitable 
thermoplastic  materials  for  140°C  (284‘’F)  long-term  exposure 
[7]  are  the  key  design  features  which  make  the  cable  capable  of 
performing  in  these  hostile  environments. 

CABLE  PERFORMANCE  CHARACTERISTICS 

The  hostile  environment  cable  was  tested  thoroughly,  and  the 
battery  of  tests  included  :  the  standard  Bellcore  Outside  Plant 
tests  [8],  steam  and  high  temperature  tests,  other  hostile 
environment  tests,  underground  installation  tests,  and  cable-air 


installation  system  tests.  Results  of  the  tests  arc  summarized 
below. 

Standard  Bellcore  Tests 

A  cable  with  twelve  12-fiber  ribbons  (144  fibers)  with 
depressed-clad  fibers  was  manufactured  to  evaluate  the 
performance.  First,  an  attenuation  test  was  conducted  for  the 
finished  cable.  The  attenuation  data  at  1310  nm  and  1550  nm 
wavelengths  are  presented  in  Figures  3  and  4. 

The  cable  was  then  subjected  to  the  following  mechanical  and 
environmental  tests  as  specified  by  Bellcore  for  outside  plant 
applications. 

Mechanical  Tests:  The  mechanical  tests  consist  of  low  and 
high  temperature  cable  bend,  impact  resistance,  compressive 
strength,  tensile  strength  of  cable,  cable  twist,  cable  cyclic 
flexing,  cable  freezing,  resistance  to  water  penetration,  and 
filling  and  flooding  compound  flow.  During  installation,  at  the 
ends  and  at  mid-sheath  entry  points,  the  oversheathing  portion 
of  the  cable  may  be  removed  and  the  core  cable  will  be  handled 
like  any  other  cable.  For  this  reason,  the  core  cable  was  also 
subjected  to  the  same  set  of  mechanical  tests,  with  the 
exception  of  tensile  load  and  bend  test,  as  the  finished  hostile 
environment  cable.  Test  results  for  the  finished  cable  and  core 
cable  are  given  in  Tables  I  and  11,  respectively.  Both  cables 
meet  and/or  exceed  the  outside  plant  1550  nm  wavelength 
performance  requirements.  For  example,  in  the  compression 
tesL  the  finished  cable  was  subjected  to  a  load  of  880  N/cm 
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ATTENUATION  AT  1310  nm,  dB/km 
Figure  3.  Hostile  Environment  Cable  Attenuation  Data  at  1310  nm 


ATTENUATION  AT  1550  nm.  dB/km 
Figure  4.  Hostile  Environment  Cable  Attenuation  Data  at  1550  nm 
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TABLE  L  MECHANICAL  TEST  RESULTS  FOR  FINISHED  CABLE 


EIA  Fiber  Optic 
Test  Procedure 

Bellcore 

TR-TSY.000020 

Requirement 

Laboratory 

Test  Level 

Cable 

Performance 

A  Loss  @  1550  nm 

EU  FOTP-25 

Impact  Test 

5  kg  Mass,  20  Impacts 
@  30  Cycles/min. 

Avg.A  Loss  i  0.20  dB 

16.0  kg  Mass 

20  impacu  @  30 
Cycles/min. 

Avg.  A  Loss  =  0.01  dB 
Max.  A  Loss  =  0.01  dB 
No  Visual  Damage 
Observed  10  X  Mag. 

EIA  FOTP.33 

Tensile  Load  &  Bend 
Test 

2669  N  Tensile  Load,  1 
hour  duration,  560  mm 
Universal  Sheave  Dia. 
Avg.A  Loss  ^  0.10  dB 

5338  N  Tensile  Load  2 
hour  duration,  400  mm 
Universal  Sheave  Dia. 

Avg.  A  Loss  =  0.00  dB 
Max.  A  Loss  =  0.02  dB 
No  Visual  Damage 
Observed  0  10  X  Mag. 

EIAFOTP37A 

High  Temperature 
Bend  Test 

4  hours  @  +  65°C. 

4  Wraps  on  Mandrel 
Dia.  S  20  X  Cable  Dia. 
or  380  mm 

Avg.A  Loss  <  0.20  dB 

4  hours  @  +  65°C, 

4  Wraps  on  Mandrel 

Dia.  =  200  mm 

Avg.  A  Loss  =  0.00  dB 
Max.  A  Loss  =  0.0 1  dB 
No  Visual  Damage 
Observed  (2)  10  X  Mag. 

EIA  FOTP-37A 

Low  Temperature 

Bend  Test 

4  hours  <S)  -30‘’C, 

4  Wraps  on  Mandrel 
Dia.  ^  20  X  Cable  Dia. 
or  380  mm 

Avg.A  Loss  <  0.20  dB 

4  hours  @  -30°C, 

4  Wraps  on  Mandrel 

Dia.  =  200  mm 

Avg.  A  Loss  =  0.00  dB  | 
Max.  A  Loss  =  0.0 1  dB  I 
No  Visual  Damage 
Observed  @  10  X  Mag. 

EIA  FOTP-41 
Compressive  Loading 
Resistance  Test 

440  N/cm  Compressive 
Load,  100  mm 
Compressive  Plates,  10 
minute  Duration 
Avg.ALoss£0.I0dB 

880  N/cm  Compressive 
Load,  1(X)  mm 
Compressive  Plates, 

1.5  hours  Duration 

Avg.  A  Loss  =  0.00  dB 
Max.  A  Loss  =  0.02  dB 
No  Visual  Damage 
Observed  (S>  10  X  Mag. 

EIA  FOTP-85 

Twist  Test 

10  Cycles  Of:  180°  CW 
Twist,  180°  CCW 

Twist,  L=  4  Meters 
Avg.A  Loss  ^  0.10  dB 

10  Cycles  Of:  180°  CW 
Twist.  180°  CCW 

Twist,  L=  4  Meters 

Avg.  A  Loss  =-0.01  dB 
Max.  A  Loss  =  0.01  dB 
No  Visual  Damage 
Observed  @  10  X  Mag. 

EIA  FOTP-104 

Cyclic  Flexing  Test 

25  180°  Flexes,  Sheave 
Dia.  S  20  X  Cable  Dia., 
or  380  mm 

Avg.A  Loss  <  0.10  dB 

25  180°  Flexes,  Sheave 
Dia.  =  350  mm 

Avg.  A  Loss  =-0.00  dB 
Max.  A  Loss  =  0.04  dB 
No  Visual  Damage 
Observed  (®  10  X  Mag. 

EU  FOTP-98A 
External  Freezing 

T«. 

50  meters  Test  Length, 
Submerged  in  1.2  m 

Dia.  Tank  of  H^O  in  an 
Environmental 

Chamber  @  -10°  C 

Until  Frozen 

Avg.A  Loss  <  0.10  dB 

50  meters  Test  Length, 
Submerged  in  1 .2  m 

Dia.  Tank  of  H9O  in  an 
Environmental 

Chamber  @  - 10°  C 

Until  Frozen 

Avg.  A  Loss  =-0.00  dB 
Max.  A  Loss  =  0.04  uB 
No  Visual  Damage 
Observed  @  10  X  Mag. 

(500  Ibf^n.)  for  1.5  hours  instead  of  the  required  load  of  440 
N/cm  (250  Ibf/in.)  for  10  minutes. 

Environmenial  Tests:  The  environmental  tests  consist  of 
temperature  cycling,  cable  aging,  color  performance,  and 
hydrogen  in  cable.  Unlike  the  mechanical  tests,  the  core  cable 
by  itself  was  not  subjected  to  any  environmental  tests,  since 
typically  long  length  cables  are  used  in  environmental  tests  and 
long  length  core  cable  by  itself  is  not  intended  to  be  deployed 
in  the  field. 

The  temperature  cycling  and  cable  aging  tests  were  combined 
into  a  single  test  as  shown  in  Figure  5.  The  required 


measurement  points  are  labeled  ”M"  in  the  figure.  For 
temperature  cycling,  the  change  in  attenuation  requirement  is 
that  it  shall  not  be  greater  than  0.20  dBAm,  with  80%  of  the 
measured  values  no  greater  than  0.1  dBAm  (first  3  "M" 
points).  Similar  requirement  for  aging  cycle  is  that  it  shall  not 
be  greater  than  0.4  dBAm,  with  80%  of  the  measured  values  no 
greater  than  0.2  dBAm  (remaining  2  "M"  points).  These 
change  in  attenuation  requirements  apply  at  1550  nm 
wavelength.  A  1.0  km  (3280  ft)  cable  was  used  for  the  test. 
The  results  of  the  test  for  1310  nm  and  1550  nm  wavelengths 
are  given  in  Figures  6  and  7,  respectively.  The  cable  met  and 
exceeded  the  above  requirements  at  both  wavelengths.  Note 
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TABLE  n.  MECHANICAL  TEST  RESULTS  FOR  CORE  CABLE 


EIA  Fiber  Optic 
Test  Procedure 

Bellcore 

TR-TSY-000020 

Requirement 

Laboratory 

Test  Level 

Core  Cable 
Performance 

A  Loss  @  1550  nm 

EU  FOTP-25 

Impact  Test 

5  kg  Mass,  20  Impacts 
@  30  Cycles/min. 

Avg.A  Loss  i  0.20  dB 

16.0  kg  Mass 

20  impacts  @  30 
Cycles/min. 

Avg.  A  Loss  =  0.01  dB 
Max.  A  Loss  =  0.01  dB 
No  Visual  Damage 
Observed  @  10  X  Mag. 

EIAFOTP37A 

High  Temperature 
Bend  Test 

4  hours  @  +  65°C, 

4  Wraps  on  Mandrel 
Dia.  ^  20  X  Cable  Dia. 
or  280  mm 

Avg.A  Loss  <  0.20  dB 

4  hours  @  +  65°C, 

4  Wraps  on  Mandrel 

Dia.  =  280  mm 

Avg.  A  Loss  =  -0.01  dB 
Max.  A  Loss  =  0.00  dB 
No  Visual  Damage 
Observed  <®  10  X  Mag. 

EU  FOTP-37A 

Low  Temperature 

Bend  Test 

4  hours  @  -30°C, 

4  Wraps  on  Mandrel 
Dia.  ^  20  X  Cable  Dia. 

or  280  mm 

Avg.A  Loss  <  0.20  dB 

4  hours  @  -30°C, 

4  Wraps  on  Mandrel 

Dia.  =  280  mm 

Avg.  A  Loss  =  0.00  dB 
Max.  A  Loss  =  0.01  dB 
No  Visual  Damage 
Observed  @  10  X  Mag. 

EU  FOTP-41 
Compressive  Loading 
Resistance  Test 

220  N/cm  Compressive 
Load,  100  mm 
Compressive  Plates,  10 
minute  Duration 

Avg.A  Loss  <  0.10  dB 

880  N/cm  Compressive 
Load.  100  mm 
Compressive  Plates, 

1.5  hours  Duration 

Avg.  A  Loss  =  0.00  dB 
Max.  A  Loss  =  0.02  dB 
No  Visual  Damage 
Observed  @  10  X  Mag. 

EU  FOTP-85 

Twist  Test 

10  Cycles  Of;  180°  CW 
Twist,  180°  CCW 

Twist,  L=  4  Meters 
Avg.A  Loss  ^  0.10  dB 

10  Cycles  Of:  180°  CW 
Twist.  180°  CCW 

Twist,  L=  1  Meters 

Avg.  A  Loss  ^.00  dB 
Max.  A  Loss  =  0.03  dB 
No  Visual  Damage 
Observed  @  10  X  Mag. 

EU  FOTP-104 

Cyclic  Flexing  Test 

25  180°  Flexes.  Sheave 
Dia.  ^  20  X  Cable  Dia., 
or  285  mm 

Avg.A  Loss  S  0.10  dB 

25  180°  Flexes,  Sheave 
Dia.  =  200  mm 

Avg.  A  Loss  =-0.00  dB 
Max.  A  Loss  =  0.04  dB 
No  Visual  Damage 
Observed  @  10  X  Mag. 

EU  FOTP-9gA 
External  Freezing 

Test 

50  meters  Test  Length, 
Submerged  in  1.2  m 

Dia.  Tank  of  H9O  in  an 
Environmental 

Chamber  @  - 10°  C 

Until  Frozen 

Avg.A  Loss  i  0.10  dB 

50  meters  Test  Length, 

1  m  Exposed  Core, 
Submaged  in  1.2  m 

Dia.  Tank  of  H9O  in  an 
Environmental 
Chamber!®  -10°  C 

Until  Frozen 

Avg.  A  Loss  =-0.00  dB 
Max.  A  Loss  =  0.04  dB 
No  Visual  Damage 
Observed  @  10  X  Mag. 

that  the  cable  was  also  exposed  to  -bO^C  (-Tb^F),  which  is  not 
a  requirement.  The  cable  performed  well  at  this  temperature 
also. 

The  cable  also  met  the  color  performance  requirement  of  no 
visual  color  change  of  the  jacket  marking,  fiber  color,  or  the 
unit  color  after  the  above  temperature  and  aging  cycle  test. 

For  the  hydrogen  in  cable  test,  a  200  m  (650  ft)  was  used.  In 
order  to  obtain  sufficient  measurement  length,  a  1600  m  (5250 
ft)  path  was  created  by  splicing  8  fibers  end  to  end,  and  two 
such  paths  were  created.  The  cable  passed  the  added  loss 
requirement  of  0.1  dB/km  with  a  good  margin,  and  the  test 
result  is  presented  in  Table  III. 

Steam  and  High  Temperature  Tests 

Due  to  the  basic  design  concept  of  the  metallic  humidity 


barrier,  the  high  temperature  environment  becomes  a  subset  of 
the  steam  environment  with  ambient  or  no  humidity.  In  other 
words,  the  core  cable  will  experience  only  the  temperature  (and 
no  humidity)  even  in  a  steam  environment.  Thus,  the  steam 
and  high  temperature  environments  are  treated  together  for 
performance  evaluation  of  the  cable  in  these  environments. 

Several  steam  and  high  temperature  tests  were  conducted  to 
evaluate  different  critical  components  of  the  cable.  These  tests 
included  :  fiber  strength  evaluation  for  different  high 
temperature  conditions,  fiber  strength  evaluation  using 
Bellcore  steam  test  (under  development),  Bellcore  corrosion 
test  (under  development)  for  copper,  outer  jacket  evaluation  at 
high  temperatures  and  high  humidity  conditions,  and  long-term 
cable  aging  at  140°C  with  attenuation  measurements.  Results 
of  these  tests  are  discussed  below. 
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ol  10  deg  C/hour. 

Figure  5.  Cable  Temperature  and  Aging  Cycle 


0.1 


0.05 


E 

*0 

o 

rt 

i 


o 

U1 

o 

o 

< 

IS  (0.05) 

z 


(0.1) 


TEMPERAtURE  CYCLE  AG 


NG  CYCLE 


-60 


-40  23 

TEMPERATURE"  C 


65 


Figure  6.  Cable  Temperature  and  Aging  Cycle  Test  Result  at  1310  nm 


TABLE  in.  HYDROGEN  IN  CABLE  TEST  RESULT 


Fiber 

Path 

Loss  (d 

B/km) 

A 

Loss 
(dB/km) 
(1240  nm) 

Before  Test 
(1240  nm) 

After  Test 
(1240  nm) 

#1 

#2 

1.02 

2.12 

1.01 

2.12 

-O.OI 

0.00 

Though  this  is  a  high  temperature  application,  it  was  decided  to 
use  fibers  and  ribbons  used  in  standard  commercial 
applications  with  a  maximum  operational  temperature  of  6S°C 


(149°F)  [4,5,6]  for  the  reason  of  compatibility  with  the  rest  of 
the  network.  Fibers  were  tested  at  150°C  (302°F)  in  air.  The 
median  strength  values  for  76  and  175  days  of  aging  are  given 
in  Figure  8.  The  aged  fiber  strength  values  show  that  the  fiber 
strength  remained  essentially  unchanged.  In  order  to  simulate 
actual  cable  condition,  fiber  ribbons  housed  in  the  core  tube 
with  the  filling  compound  were  also  tested.  The  samples  were 
aged  at  170"C  (338"F)  and  190°C  (374°F).  The  median  fiber 
strength  results  after  aging  at  170°C  (338°F)  for  up  to  171  days 
and  at  IW^C  (374°F)  for  up  to  106  days  arc  also  given  in 
Figure  8.  The  figure  shows  that  the  fiber  strength  was  not 
affected  at  170®C  (338®F)  even  after  171  days.  At  190°C 
(374‘’F),  median  strength  after  71  days  is  higher  than  the 
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Figure  7.  Cable  Temperature  and  Aging  Cycle  Test  Result  at  1550  nm 
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Figure  8.  Strength  Data  of  Fibers  Exp<»ed  to  High  Temperatures 


1000 


median  strength  after  27  days,  suggesting  that  extrinsic  factors 
like  handling  in  the  process  of  tensile  testing  are  affecting  fiber 
strength.  In  spite  of  the  handling  effect,  the  median  strength 
after  106  days  is  3.6  GPa  (527  ksi).  Note  that  the  strength 
distribution  is  not  intrinsic  or  real.  Proctor,  et  al  [9]  did  not 
observe  any  reduction  in  strength  for  uncoated  fused  silica 
fibers  below  200‘’C  (392°F). 

In  order  to  develop  performance  criteria  for  the  design  and 
develc^iment  of  steam  resistant  fiber  optic  cables,  Bellcore  is  in 
the  process  of  developing  a  new  steam  test  [10].  In  this  test, 
cable  samples,  approximately  1.0  m  (3.3  ft)  long,  were  placed 


inside  an  autoclave,  which  generated  132°C  (270°F)  steam  at 
0.21  MPa  (30  psi)  pressure.  Both  sample  ends  were  sealed  to 
prevent  ingress  of  moisture  through  the  core  of  the  cable. 
Initially,  the  cable  ends  were  closed  using  epoxy  and  were 
subjected  to  the  test.  (2able  samples  were  removed  pericxlically 
for  evaluation.  Examinations  by  dissecting  the  samples 
showed  that  the  closing  of  ends  with  epoxy  was  not  effective  at 
all,  and  there  was  significant  moisture  present  inside  the  cable. 
However,  median  fiber  strength  values  for  up  to  120  days 
shown  ill  Figure  9,  obtained  by  AT&T  and  Bellcore  [10], 
showed  only  a  slight  drop  (<  5%)  in  fiber  strength.  This  means 
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Figure  9.  Strength  Data  of  Fibers  Exposed  to  Bellcore  Steam  Test 


that  even  with  practically  non-closed  ends,  the  performance  of 
the  fiber  is  excellent  The  tests  are  being  repeated  with 
soldered  ends  and  the  results  are  given  in  Figure  9  for  up  to  60 
days.  In  this  case,  there  was  no  observable  drop  in  strength  at 
all. 

Since  the  metallic  humidity  barrier  is  very  susceptible  to 
corrosion  in  steam  environments,  Bellcore  is  also  in  the 
process  of  developing  a  corrosion  test  [lOJ.  This  test  consists 
of  exposing  cable  samples  to  fine  sand  wet  with  3.5%  sodium 
chloride  solution  for  30  days  at  135°C  (27S°F)  in  an  autoclave. 
The  samples  were  then  examined  for  any  cracks,  perforations 
or  pits.  The  cable  samples  had  no  measurable  copper  surface 
degradation  showing  excellent  corrosion  performance. 

Unlike  the  components  inside  the  metallic  humidity  barrier,  the 
cable  outer  jacket  will  be  exposed  to  very  high  humidity  along 
with  the  temperature.  Two  approaches  are  possible  for  the 
selection  of  outer  jacket  material  selection,  and  yet  maintain 
the  same  performance  levels  of  materials  inside  the  copper 
humidity  barrier.  One  approach  would  be  to  choose  a  HDPE, 
in  which  case  the  jacket  will  be  a  sacriheial  member.  The 
second  approach  is  to  choose  a  material  from  the 
lluoropolymer  family.  One  such  material  was  chosen  and  was 
subjected  to  aging  conditions  at  different  temperatures  with 
and  without  water  vapor  concentration.  The  fluoropolymer 
jacket  material  showed  only  small  changes  in  material 
elongation,  indicating  good  performance  when  exposed  to 
either  steam  or  high  temperature  environments.  These  data  are 
presented  in  Figure  10. 


In  order  to  simulate  long-term  exposure  of  cables  to  steam  in 
the  field,  a  test  was  devised  wherein  a  small  portion  of  a  1.0 
km  (3280  ft)  cable,  about  20  m  (65  ft),  is  being  to  exposed  to 
140°C  (284“F).  The  current  plan  is  to  conduct  this  long-term 
exposure  for  6  months,  and  possibly  a  year.  The  change  in 
attenuation  values  have  been  obtained  for  30  days  so  far,  and 
the  results  are  presented  in  Table  IV. 

Other  Hostile  Environment  Tests 

The  cable’s  performance  characteristics  in  the  other  hostile 
environments  arc  discussed  next.  The  cable  was  not  tested  for 
all  of  these  hostile  environments.  Whenever  tested,  the  results 
are  reported.  Whenever  not  tested,  rationales  are  provided  to 
substantiate  the  capability  of  the  cable  to  perform  in  such 
hostile  environments. 

Petroleum  Products  :  -  Typical  hostile  fluids  requirements  can 
be  found  in  EIA/TIA  Fiber  Optic  Test  Procedure- 12A  or 
military  cable  specification  [11].  In  general,  these 
requirements  are  met  by  using  thermoset  (radiation  crosslinked 
or  continuous  vulcanization)  materials.  The  copper  barrier  in 
the  current  cable  design  provides  an  excellent  protection  from 
these  fluids  by  sealing  them  out  of  the  core  cable. 

Chemicals :  -  As  in  the  case  of  "petroleum  products"  above,  the 
copper  barrier  also  provides  excellent  protection  from 
chemicals  by  sealing  them  out  of  the  core  cable. 

Corrosion  :  -  The  cable’s  corrosion  performance  was  already 
discussed  under  the  steam  and  high  temperature  tests  using  the 


TABLE  IV.  MO^C  (284'’F)  LONG-TERM  AGING  TEST  RESULTS 


Number 

Added  Loss,  dB 

of 

1310  nm  Wavelength 

1550  nm  Wavelength 

Days 

Mean 

Std.  Dev. 

Max. 

Mean 

Std.  Dev. 

Max. 

5 

0.00 

0.02 

0.04 

0.00 

0.01 

0.04 

30 

0.00 

0.01 

0.03 

0.00 

0.01 

0.03 

166  International  Wire  &  Cable  Symposium  Proceedings  1 992 


400 


300 


-e 

-ti) 


z 

o 

(3 

Z 

o 


200 


100 


150°C  WATER  VAPOR 
o - 

150°C  DRY 
----D--- 

170°C  DRY 

. -A- . 

190°C  DRY 


0  ' - ' 

0  25  50  75  100  125  150  175  200  225  250  275  300  325  350 

TIME  (DAYS  AGED) 

Figure  10.  Elongation  of  Fluoropolymer  Material  Exposed  to  High  Temperatures 
and  High  Humidity 


Bellcoie  devised  corrosion  test,  which  is  also  considered  to  be 
a  stringent  test. 

Hydrogen  :  -  The  copper  barrier,  once  again,  seals  any 
hydrogen  molecules  out  of  the  core  cable  and  protects  the  fiber. 
In  addition,  since  the  core  cable  does  not  use  any  fluoro-  and 
sulfone  based  polymers,  no  hydrofluoric  or  sulfuric/sulfonic 
acid  is  generated,  which  in  turn  could  react  with  the  metal  to 
generate  hydrogen.  Also,  among  copper,  stainless  steel,  low 
carbon  steel,  and  aluminum,  copper  is  known  to  be  the  best, 
and  aluminum  is  the  worst  in  terms  of  hydrogen  generation. 
Also,  note  that  the  hydrogen  in  cable  test  result  was  presented 
above  in  the  standard  Bellcore  tests  section. 

Lightning  :  -  Bellcore  requires  [8]  a  lightning  damage 
susceptibility  test  with  a  current  of  105  kA.  The  cable  was 
tested  to  a  current  of  225  kA.  The  cable  passed  the  test  making 
it  one  of  the  best  in  terms  of  lightning  performance. 

Rodents  and  Insects  :  •  The  Denver  Wildlife  Research  Center 
of  the  U.  S.  Department  of  Agriculture,  as  a  part  of  their 
research  efforts,  evaluate  the  performance  of  the  cable  exposed 
to  one  of  the  most  aggressive  rodents,  the  pocket  gopher.  They 
rate  the  cable  from  0  (no  damage)  to  5  (cable  severed).  A 
rating  of  2  (outer  jacket  penetrated)  or  below  is  considered 
good  and  an  acceptable  performance  of  the  cable.  The  current 
cable  has  a  rating  of  1.8.  No  specific  test  was  conducted  for 
insects. 

Shallow  Water  :  -  While  this  cable  is  not  suitable  for  deep 
water  applications  like  submarine  cable,  it  can  be  used  for 
shallow  water  applications  where  the  water  is  a  few  hundred 
feet  deep,  a  few  thousand  feet  long  and  no  boat  traffic,  and  for 
locations  where  there  is  potential  for  flooding. 


Underground  Installation  Tests 

The  cable  was  subjected  to  a  set  of  underground  installation 
tests.  The  tests  conducted  were  :  grip  test,  duct  test,  sheave 
test,  ultimate  strength  test,  luffing  test,  and  figure  8  test. 
Results  of  the  tests  are  summarized  below. 

Grip  Test  -  The  cable  was  first  gripped  using  a  Kellems®  grip 
applied  over  the  outer  jacket  for  a  length  of  0.46  m  (18  in.)  as 
shown  in  Figure  1 1(a)  and  was  subjected  to  a  load  of  2.9  kN 
(650  Ibf).  The  cable  was  unable  to  hold  the  load  because  of  the 
stretching  of  the  copjDer  tube  and  the  outer  jacket.  A  length  of 
the  outer  jacket  and  the  copper  tube  was  then  removed  to 
expose  the  core  cable.  A  Kellems®  grip  for  the  diameter  range 
to  16  mm  (0.5  to  0.625  in.)  was  used  to  grip  the  core  cable 
as  shown  in  Figure  11(b).  The  cable  was  loaded  to  5.3  kN 
(1,200  Ibf) — twice  the  rated  maximum  load — and  held  at  that 
load  for  several  hours.  The  load  was  then  increased  to  1 1.1  kN 
(2,500  IbO  and  held  at  that  load  for  30  minutes.  The  cable 
withstood  the  loads  without  any  problems. 

The  gripping  arrangement  was  then  slightly  modified  to  grip 
the  core  cable  along  with  a  short  length  of  the  outer  jacket  as 
shown  in  Figure  11(c).  This  arrangement  provides  a  relatively 
smooth  change  in  diameter  at  the  leading  end  of  the  outer 
jacket.  The  cable  was  loaded  to  11.1  kN  (2,500  IbO  and  held 
there  for  90  minutes  without  any  damage.  From  this  test,  it  is 
recommended  that  the  gripping  method  shown  in  Figure  11(c) 
be  used  in  the  field,  though  the  method  shown  in  Figure  11(b) 
can  also  be  used  if  the  outer  jacket  is  taped  to  provide  a  smooth 
transition  behind  the  grip. 

Underground  Duct  Test  -  In  this  test,  the  cable  was  pulled 
through  an  underground  duct  system  with  a  wall-to-wall  duct 
length  of  about  150  m  (500  ft).  The  duct  system  has  a  total  of 
about  960°  of  bend.  The  duct  is  smooth-wall  PVC  with  an 
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Figure  11.  Cable  Gripping  Method  for  Underground  Installation 


inner  diameter  of  about  31.8  mm  (1.25  in.).  The  cable  was 
pulled  three  times  into  the  duct  system,  and  no  damage  to  the 
cable  or  fibers  was  observed.  The  loads  during  these  three 
pulls  ranged  from  2.6  to  4.4  kN  (580  to  1,000  Ibf). 

In  a  field  trial  at  Boston  [12],  a  900  m  (30(X)  ft)  cable  was 
installed  successfully  in  a  duct  system  where  the  first  660  m 
(2200  ft)  had  a  31.8  mm  (1.25  in.)  inner  diameter  duct  and  the 
remaining  240  m  (800  ft)  had  a  25.4  mm  (1.0  in.)  inner 
diameter  duct.  The  cable,  however,  is  recommended  to  be 
installed  in  31.8  mm  (1.25  in.)  inner  diameter  duct  systems 
only. 

Sheave  Test  -  During  the  retrieval  of  the  cable  from  the  duct 
system  after  the  underground  duct  tests,  almost  the  entire  cable 
length  was  pulled  around  two  sheaves  0.6  m  (24  in.)  in 
diameter.  In  addition,  a  separate  sheave  test  was  conducted  by 
pulling  the  cable  over  a  0.46  m  (18  in.)  sheave  under  a  load  of 
3.3  kN  (750  Ibf).  Neither  cable  nor  fiber  damage  was 
observed. 

Cable  Ultimate-Strength  Test  -  Using  the  grip  method  of 
Figure  11(c),  both  virgin  cable  and  the  cable  section  that  had 
been  subjected  to  the  above  sheave  tests  were  loaded  to  failure 
in  tension.  The  values  had  a  wide  range  between  10.9  kN 
(2,400  IbO  and  16.7  kN  (3,750  Ibf).  There  was  no  significant 
strength  difference  between  the  virgin  and  sheave  tested 
samples. 

Luffing  Test  -  Luffing  is  used  to  position  a  cable  in  its  proper 
place  in  an  underground  manhole  and  requires  the  use  of  a  split 
grip  attached  to  the  cable.  In  the  test,  the  cable  was  first  pulled 
about  1.2  m  (4  ft)  with  a  load  of  about  3.1  kN  (700  Ibf)-  Next, 
[he  cable  was  pulled  about  0.6  m  (2  ft)  with  a  load  of  about 
14  kN  (1,000  IbO-  In  both  cases,  the  cable  performed  well 
with  no  damage. 

Figure  8  Test  -  Like  other  standard  cables,  the  hostile 
mvironment  cable  was  also  placed  in  a  figure  8  configuration 


during  some  of  the  above  underground  installation  tests. 

Cable-Air  Installation  System  Tests 

Though  blowing-in  of  fibers  using  air  pressure  in  small  tubes 
has  been  in  practice  for  several  years,  the  use  of  such 
techniques  to  blow  cables  in  duct  systems  [13]  is  gaining 
popularity  in  the  past  couple  of  years  or  so.  The  hostile 
environment  cable  was  tested  using  one  such  technique  and  the 
results  were  as  follows  [14].  In  a  duct  system  with 
approximately  3(X)0°  of  total  angular  turns,  a  7(X)  m  (2300  ft) 
cable  was  blown-in  19.5  minutes,  resulting  in  36  m/min  (118 
ft/min).  In  the  second  test,  a  915  m  (3000  ft)  cable  was 
blown-in  in  a  duct  system  with  approximately  1500°  total 
angular  turns  in  15.5  minute,  yielding  a  speed  of  59  m/min 
(194  ft/min).  In  both  cases,  the  inner  diameter  of  the  smooth- 
walled  duct  was  31.8  mm  (1.25  in.).  The  time  required  by  the 
cable-air  installation  system  to  install  a  given  length  of  cable  is 
significantly  lower  when  compared  with  the  classical 
underground  installation  technique  discussed  above,  offering  a 
good  potential  for  increased  productivity. 

In  a  field  trial  at  Manhattan,  New  York,  an  800  m  (2600  ft) 
cable  was  installed  in  a  31.8  mm  (1.25  in.)  inner  diameter 
smooth-walled  duct  system  with  approximately  1000°  total 
angular  turns  in  13  minutes,  yielding  a  speed  of  62  m/min  (200 
ft/min)  [15]. 

CONCLUSION 

Commonly  encountered  outside  plant  hostile  environments, 
their  severity  and  significance,  and  a  fiber-optic  cable  capable 
of  surviving  these  environments  were  presented.  The  cable 
was  subjected  to  a  battery  of  standard  Bellcore  tests,  hostile 
environment  tests,  and  underground  installation  tests,  and  the 
results  were  also  presented.  The  cable  met  and  often  exceeded 
the  requirements  with  excellent  margins. 
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Abstract 

The  polarization  mode  dispersion  (PMD) 
characteristics  of  single  mode  fiber  and  dispersion 
shifted  fiber  were  measured.  The  dependency  of 
polarization  mode  dispersion  on  fiber  length  was 
found  to  be  proportional  to  the  square  root  of  the  fiber 
length,  as  was  known  previously,  and  the 
temperature  dependency  was  not  detected  from 
-20  °C  to  60  °C  and  good  stability  was  confirmed  for 
fiber. 


1.  Introduction 

In  recent  years,  with  the  development  of  optical  fiber 
amplifier  technology,  ultra-long  length,  high  bit  rate 
optical  transmission  over  several  thousand 
kilometers  is  becoming  a  possibility.  At  the  same 
time,  as  an  accompaniment  to  improvements  in  the 
manufacturing  technology  for  optical  fibers,  it  is 
anticipated  that  chromatic  dispersion  will  be 
compensated  by  improving  the  controllability  of 
chromatic  dispersion  and  tuning  the  operating 
wavelength  to  the  zero  dispersion  wavelength  of  the 
total  system  length. 

However,  due  to  the  use  of  no-repeater  systems, 
polarization  mode  dispersion,  which  has 
conventionally  been  ignored,  must  now  be  regarded 
as  a  problem.  The  reason  is  that  polarization  mode 
dispersion,  which  can  be  ignored  with  a  repeater 
span  interval  of  about  100  km,  accumulates  in  a  no¬ 
repeater  system  of  several  thousand  kilometers.  This 
has  a  harmful  effect  on  the  transmission  signal. 

Previously  the  relationship  between  core  non¬ 
circularity  and  polarization  mode  dispersion  was  well 
knownll],  but  optical  parameter  except  core  non¬ 
circularity  or  environment  dependency  have  not  yet 
clarified.  Correlations  between  polarization  mode 
dispersion  fiber  parameters  and  changes  in  the 
value  of  polarization  mode  dispersion  according  to 
fiber  state  are  described  in  this  paper. 


2.  Theory 

With  ordinary  axisymmetric  single  mode  fiber,  it  is 
actually  possible  for  two  polarized  modes  to 
propagate  in  two  directions  orthogonally  (in  the  x 
direction  and  the  y  direction)  in  the  fiber  cross 
section.  If  the  fiber  structure  is  truly  axisymmetrical, 
and  if  the  fiber  is  not  under  any  stress,  these  two 
orthogonal  polarized  modes  will  exhibit  exactly  the 
same  group  delay,  and  thus  no  dispersion  will  arise. 
However,  if  birefringence  arises  due  to  stress 
resulting  from  non-circularity  of  the  core,  bending, 
twisting,  pressure,  or  tension,  group  delay  will 
appear  between  the  two  modes,  giving  rise  to 
polarization  mode  dispersion. 

A  schematic  diagram  of  our  polarization  mode 
dispersion  measurement  system  is  shown  in  Figure 
1.  The  measurement  principle  is  the  same  as  that  of 
the  Michelson  interferometer(1]. 


PD:  Photo  Diode 
Figure  1  Schematic  diagram  of 

experimental  set  up 
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The  polarization  mode  dispersion  x  can  be 
expressed  with  the  following  formula  if  the  optical 
path  difference  Lo=  2d  (d:movement  of  micro-stage) 
is  obtained  for  the  condition  where  the  difference  in 
group  delay  time  between  the  two  orthogonal 
polarized  modes  due  to  this  interference  pattern  is 
zero. 


x  =  Lo/c  =  2d/c  (c:  velocity  of  light) 


3.  Experimental  Results 

Measurement  of  polarization  mode  dispersion  was 
performed  using  the  measurement  system  shown  in 
Figure  1  in  order  to  study  the  correlations  between 
various  parameters. 

3.1  Refractive  index  design 

We  compared  the  polarization  mode  dispersion  of 
single  mode  fiber  for  conventional  1 .3  pm  use  to  that 
of  dispersion  shifted  fiber.  Representative 
parameters  for  each  fiber  are  shown  in  Table  1 .  The 
profile  of  single  mode  fiber  for  1 .3  pm  use  is  of  the 
step  index  type,  and  its  refractive  index  difference  is 
0.34  %.  In  contrast,  dispersion  shifted  fiber  is  of  the 
dual  shape  core  type,  and  its  refractive  index 
difference  has  a  peak  value  of  0.95  %. 


Table  1  Representative  parameters 


Fiber 

Profile 

An 

MFD 

XO 

1.3pm 

SM 

_rL 

0.34% 

9.5pm 
(@1 .3pm) 

1.3pm 

DSF 

JL 

0.95% 

(peak) 

8.0pm 
(@1 .55pm) 

1 .55pm 

Figure  2  shows  the  polarization  mode  dispersion 
characteristics  of  the  two  fiber  types.  Fiber  length 
dependency  is  also  examined  in  the  figure.  Two 
samples  of  each  type  were  measured  using  a  fiber 
measurement  length  of  10  km.  The  same  fibers  were 
then  divided  into  1  km  sections  and  measured  again. 


A  comparison  of  the  two  types  shows  that  dispersion 
shifted  fiber  has  slightly  greater  polarization  mode 
dispersion.  The  cause  of  this  is  considered  to  be  a 
more  complex  profile  resulting  from  a  greater 
refractive  index  difference.  The  dependency  of  PMD 
with  regard  to  length  was  found  to  be  proportional  to 
the  square  root  of  the  length,  as  has  been  reported 
before[1][2][3]. 


dispersion  shifted  fiber  (DSF) 


3.2  Mode  field  diameter  (MFDI 

The  correlation  between  PMD  and  MFD  was  studied 
for  dispersion  shifted  fiber.  MFD  was  varied  from  7.3 
to  8.7  pm,  as  stipulated  in  CCITT  Recommendation 
G653.  However,  the  result  was  that  no  particular 
correlation  was  discovered,  as  is  indicated  in  Figure 
3. 


. 

: . . . 

— Rber  ten 

— 

gth :  25  km 

HHR 

iHB 

. . 7-.T--r=ra 

. 

7.0  7.5  8.0  8.5  9.0 

MFD  (pm) 

Figure  3  Relationship  between  PMD  and  MFD 
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3.3  Eccentricity 


1 


The  correlation  between  PMD  and  eccentricity  was 
studied  for  dispersion  shifted  fiber.  The  samples 
were  selected  at  random  from  mass-produced 
dispersion  shifted  fibers.  Figure  4  shows  the  results. 
No  correlation  to  PMD  was  found  for  fibers  with 
eccentricity  of  0.7  pm  and  below. 


0.0  0.1  0.2  0.3  0.4  0.5  0.6  0.7  0.8 

Eccentricity  (pm) 

Figure  4  Relationship  between  PMD  and  eccentricity 


4.  Various  experiments 

To  investigate  PMD  characteristics,  various 
experiments  were  performed  using  single-mode  and 
dispersion  shifted  fiber. 

4.1  Spool  tension 

It  might  be  considered  that  the  value  of  polarization 
mode  dispersion  is  determined  by  the  external  force 
added  from  the  outside. 

Thus,  the  dependency  of  PMD  on  spool  tension  was 
studied  by  varying  the  spool  tension  of  a  bobbin. 
The  diameter  of  the  bobbin  was  280  mm<t),  and  the 
sample  fiber  length  was  10  km.  Figure  6  shows  the 
results  of  PMD  measurement  when  the  tension  was 
varied  from  40  to  100  g. 

In  addition  to  spool  tension  dependency,  we 
examined  the  tension  dependency  using  the  bobbin 
wound  sandpaper.  The  using  bobbin  diameter  was 
280mm^,  wound  sandpaper  (#260)  around.  Then 
400  m  sample  dispersion  shifted  fiber  was  wound 
around  that  bobbin  at  200  g  tension. 


CL 

Q  0.1 

s 

Q. 


0.01 

0  50  100  1  50 

Tension  (g) 

Figure  5  Spool  tension  dependence  of  PMD 


Fiber  length :  10km 


sandpaper  tension-free 
bobbin 


(T=200g) 

Figure  6  Result  of  sandpaper  bobbin  expriment 


The  attenuation  in  sandpaper  spool  state  was  0.20 
dB/km  at  1.55  pm,  and  then  loss  was  0.76  dB/km  in 
tension-free  state.  The  results  are  shown  in  Figure  6. 

There  was  no  correlation  between  spool  tension  and 
PMD  within  the  range  of  tension  and  sandpaper 
measured  in  the  experiment,  showing  that  there  is  no 
relationship  between  spool  tension  and  PMD. 
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4.2  Splices 

When  fiber  is  used  for  long  distance  applications 
such  as  optical  submarine  cable,  the  use  of  fiber 
splices  is  an  extremely  important  matter.  For  this 
reason,  it  might  be  considered  that  total  polarization 
mode  dispersion  varies  according  to  the  axial 
directions  of  each  of  the  fibers  at  the  splice  points. 

To  confirm  this,  polarization  mode  dispersion  was 
measured  while  rotating  two  fibers  (fiber  A  and  B)  in 
relation  to  the  polarized  axis  (see  Figure  7).  The 
results  are  shown  in  Figure  8.  Each  fiber  length  was 
10  km.  It  was  found  that  there  was  splice  angle  at 
which  polarization  mode  dispersion  after  splice  was 
smaller  than  initial  polarization  mode  dispersion. 
According  to  the  experiment,  it  may  be  possible  that 
PMD  after  splice  is  smaller  than  the  sum  of  each 
fiber's  PMD. 


Figure  7  Experimental  set  up  of  splice 


w 

3 

o 

Q. 


0.1 


0.01 


Fiber  length 
:10  km 


initial 


Fiber  length 
:  total20km 


fiber  fiber 
A  B 


-60  -30  0  30  60  90 
Rotate  angle  (deg.) 
Figure  8  Result  of  splice  expriment 


Figure  9  Temperature  dependence  of 

PMD  in  single  mode  fiber  (SMF) 


4.3  Temperature 

When  cables  and  the  like  will  be  exposed  to  outside 
environment,  it  is  important  to  examine  the 
temperature  dependency  of  the  fiber  characteristics. 
Therefore,  we  studied  the  temperature  dependency 
of  polarization  mode  dispersion.  The  sample  single 
mode  fiber  length  was  1  km.  Samples  in  a  tension- 
free  state  were  placed  in  a  thermostatic  chamber, 
and  polarization  mode  dispersion  was  measured 
while  varying  the  temperature  from  -20  °C  to  60  °C. 
The  results  are  shown  in  Figure  9.  According  to  the 
experiment,  temperature  dependency  of  polarization 
mode  dispersion  was  not  detected  from  -20  °C  to  60 
“C  and  good  stability  was  confirmed  for  the  single 
mode  fiber. 


5.  Conclusion 

The  polarization  mode  dispersion  of  optical  fibers 
was  studied,  centering  on  dispersion  shifted  fiber. 
No  clear  correlation  was  found  between  polarization 
mode  dispersion  and  optical  parameters  such  as 
MFD.  And  the  temperature  dependency  was  not 
detected  from  -20  “C  to  60  °C  and  good  stability 
was  confirmed  for  fiber. 
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ABSTRACT 

Brillouin  scattering  in  optical  fibers  is  one  of 
the  nonlinear  phenomena  in  which  an  incident 
light  interacts  with  an  acoustic  wave  in  the  fiber 
and  is  scattered,  shifted  in  frequency  by  an 
amount  equal  to  a  frequency  that  is  intrinsic  to 
the  medium.  Horiguchi  et  al.(’)  ®  suggested  that 
optical  fiber  strains  can  be  determined  with  high 
accuracy  by  measuring  the  Brillouin  gain  spectra 
using  the  pump  probe  method.  Longitudinal 
strain  distributions  can  also  be  measured  by 
using  a  pulsed  light. 

In  this  study,  we  measured  the  Brillouin  gain 
spectra  using  a  continuous  wave  (cw)  laser  and 
made  a  basic  evaluation  of  strains  applied  to 
optical  fibers  under  various  conditions, 
particularly  for  ribbon  type  cables. 

INTRODUCTION 

1)  Principle 

Brillouin  scattering  is  a  phenomenon  in  which 
an  incident  light  propagating  in  a  medium  is 
scattered,  shifted  in  frequency  by  an  amount 
equal  to  a  frequency  that  is  intrinsic  to  the 
medium.  For  single-mode  optical  fibers,  the 
frequency  shift  of  the  backward  scattered  light, 
Vb,  is  expressed  as  shown  below.  The  incident 
light  is  scattered  by  an  acoustic  wave  (phonon), 
and  its  frequency  changes(Doppler  shift)  by  an 
amount  equal  to  the  intrinsic  frequency,  Vb,  of 
the  fiber. 


A.  (C/n) 

(1) 

V  -  J  E(1-k) 

“  V  p(1+k)(1-2k) 

(2) 

where  Va,  n,  X,  c,  p,  E  and  k  are  the  acoustic 
wave  velocity,  refractive  index,  wavelength  of 
the  incident  light,  velocity  of  light,  density. 
Young's  modulus,  and  Poisson's  ratio  in  fibers, 
respectively.  For  optical  fibers,  it  has  been 
shown  that  the  amount  of  change  in  vb,  Avb,  is 
most  susceptible  to  stress-induced  strains  applied 
to  fibers,  and  is  proportional  to  this  strain  if 
limited  to  a  small  value.  Strain  measurements  can 
be  made  with  a  resolution  of  10-^  and  higher. 
Because  the  intensity  of  the  Brillouin-scattered 
light  in  single-mode  fibers  is  very  low  compared 
to  the  Brillouin  gain  spectra  by  the  pump-probe 
method  using  frequency-variable  lasers,  which 
utilizes  Brillouin  light  amplification,  we  used  the 
pump-probe  method  to  evaluate  stress-induced 
strains  applied  to  fibers. 

2)  Measuring  System 

Fig.l  shows  the  measuring  system.  For  both 
light  sources,  we  used  a  frequency-variable,  cw 
LD-excited  YAG  laser  with  a  wavelength  of 
1319  ran  and  a  spectrum  width  of  5  kHz.  The 
input  power  into  the  fiber  is  of  the  order  of  5 
mW  for  the  pump  laser  and  0.2  mW  for  the 
probe  laser.  TTie  frequency  of  the  probe  laser  is 
scanned  until  the  difference  between  these  two 
lasers  frequencies  becomes  equal  to  the  value  of 
the  Brillouin  shift  for  the  fiber  medium  .  At  that 
time,  a  probe  laser  light,  starting  at  the  opposite 
end  of  the  fiber  from  the  pump  laser,  is 
amplified  to  the  maximum  level.  The  amplified 
light  is  split  by  a  fiber  coupler  and  measured 
using  an  optical  power  meter.  To  determine  the 
laser  frequency  difference,  both  laser  lights  are 
mixed  by  a  fiber  coupler  and  the  beat  frequency 
of  the  mixed  light  is  measured  using  a  spectrum 
analyzer  (bandwidth:  22  GHz).  The  bandwidth  of 
the  Brillouin  gain  observed  with  ordinary  single¬ 
mode  fibers  is  about  30-50  MHz  in  the  1.3  pm 
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region  when  the  Brillouin  shift,  Vb,  is  of  the 
order  of  13  GHz. 

Longitudinal  strain  distributions  can  also  be 
measured  by  using  pulsed  light  as  the  light 
source.  This  method  is  called  "BOTDA"(3) 
(Brillouin  Optical-fiber  Time  Domain  Analysis) 
However,  the  bandwidth  of  the  Brillouin  gain  is 
narrow  as  described  above,  so  the  distance 
resolution  is  10m  or  more,  for  measuring  the 
fiber  strain  at  an  accuracy  of  about  10-'*  .  It  is 
better  to  use  cw  light  than  pulsed  light  to 
estimate  the  strain  of  the  short  fiber  or  to 
estimate  short  range  strain  distribution. 
Therefore,  we  made  measurements  with  the  cw 
light  only. 


Fig.l  MEASUREMENT  SYSTEM 


PROBE 


MEASUREMENT 

1)  Fiber  parameter  dependence 

To  measure  the  tensile  strain,  it  is  necessary  to 
know  the  value  of  Vbo.  which  is  the  Brillouin 
shift  in  the  unstressed  condition. 

If  we  can  obtain  the  value  of  Vb  from  fiber 
parameters  only,  it  is  then  very  easy  to  predict 
the  fiber  strain  under  various  conditions. 

We  have  measured  bundled  fibers  and  ribbons, 
and  we  believe  that  they  have  no  initial  strain. 
Fig.2  shows  MFD  dependence  of  Vbo-  Fig. 3 
shows  An  dependence  of  Vbo- 
The  MFD  dependence  shows  weakly  positive 
correlation,  and  the  An  dependence  shows 
weakly  negative  correlation,  but  each  data  vary 
widely 

In  formula  (1),  refractive  index  n,  density  p, 
etc.,  are  major  factors  that  determine  the 
Brillouin  shift,  so  possible  causes  for  the  lack  of 
the  relation  with  refractive  index  difference  An 
are; 


a.  Residual  strain  at  fiber  drawing. 

b.  An  measuring  accuracy. 

c.  Stresses  acting  between  fibers  and  coating 
material. 

When  we  evaluate  the  fibers’  strain,  we  have  to 
measure  the  initial  Brillouin  shift  of  the  light  in 
the  fibers. 


2)Tensile  strain 

Before  cable  measurement,  it  is  necessary  to 
obtain  the  fundamental  data  about  the  Brillouin 
shift  between  strain  and  tension 

Fig.  4  shows  the  measuring  system.  Two  kinds 
of  samples  were  used:  UV  resin-coated  single 
fibers  and  four-fiber  ribbons.  A  200  m  long 
sample  extended  through  pulleys  was  put  under 
the  tension  by  connecting  a  tension  gauge  to  one 
end,  with  the  other  end  fixed,  and  AL  was 
measured  using  a  ruler. 
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Fig.4  Tensile  strain  measurement  system 


TENSION 


TENSION 

GAUGE 


Fig.5  Tension  Dependence  on  Brillouin  Shift 


Fig.5  shows  the  relation  between  Brillouin 
shift  and  tension.  UV  mono-fiber’s  Avb  per  unit 
tension  is  about  4-times  larger  than  that  of  4- 
fiber  ribbon  Fig.6  shows  the  relation  between  the 
Brillouin  shift  and  strain.  As  can  be  seen  from 
both  figures,  a  good  linearity  was  observed.  For 
both  kinds  of  samples,  the  strain  dependence  of 
the  Brillouin  shift  was  of  the  order  of  2  x  10-5 
per  MHz.  With  a  measuring  accuracy  of  1  MHz 
for  the  Brillouin  shift,  it  is  possible  to  measure 
strains  with  an  accuracy  of  2  x  10-5. 

3)  Temperature  characteristic 

For  optical  fibers,  there  are  two  types  of 
temperature  dependence  of  the  Brillouin  shift: 
One  is  the  temperature  dependence  of  fibers 
themselves,  and  the  other  is  the  effect  of  the 
temperature  dependence  of  coating  material. 

Table.  1  shows  the  typical  value  of  the  Brillouin 
shift  temperature  dependence  of  three  fibers. 

Fig.7  shows  the  example  data  of  these  three 
type  fibers. 

With  ordinary  fibers  and  fiber  ribbons,  the 
thermal  expansion  coefficient  of  primary  coated 
fibers  is  much  lower  than  the  coating  materials 
(silica:  5  x  lO-^  /°C,  UV  resin  and  silicone  resin: 
about  10-^  Z'C),  so  the  Brillouin  shift  depends 
largely  on  the  Young's  modulus  of  the  coating 
material  and  the  coating  thickness. 

In  special  instances,  an  optical  fiber  like  Fiber 
B,  which  has  a  lower  Brillouin  shift  temperature 
dependence  than  the  silica  glass  fiber,  can  also  be 
made  by  using  a  cladding  or  coating  material 
having  a  negative  thermal  expansion  coefficient. 
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Table.  1  Temperature  dependence 


fiber  A 

l.Otol.2 

Silicone-coated,  UV  resin-coated 

fiber  B 

0.6 

Coated  with  a  material  having  a  low 
thermal  expansion  coefficient 

Ribbon 

1.3  tol.6 

UV  resin-coated,  four-fiber 

(MHz/°C) 


Fig.7  Brillouin  shift  Temperature  dependence 


4)  Dependence  on  Lateral  Pressure  of  fiber 

The  value  directly  obtainable  from 
measurements  of  Brillouin  shift  is  the  acoustic 
velocity  (phonon  frequency).  Therefore,  it  can 
be  assumed  that  not  only  the  tension  applied  to 
fibers  but  also  some  external  forces  like  lateral 
pressure,  water  pressure,  bending,  etc.,  give  rise 
to  changes  in  the  Brillouin  shift  and  the  form  of 
spectra.  Here,  we  made  an  attempt  to  measure 
changes  in  Brillouin  gain  spectra  caused  by  the 
lateral  pressure  applied  to  fibers. 

The  sample  was  a  resin-coated  fiber  of  400 
pm  in  outside  diameter  and  125  pm  glass  fiber. 
Such  fibers  were  laid  over  a  plate  loaded  surface 
by  placing  another  surface  plate  thereon. 

As  a  result,  no  changes  were  observed  in 
Brillouin  gain  spectra  under  loads  up  to  220  kg 
per  100  m  (=22  g/cm).  So  it  can  be  said  that  the 
influence  of  lateral  pressure  on  Brillouin  shift  is 
not  so  severe.(see  Fig.8) 


Fig.8  Brillouin  spectrum  Lateral 
Pressure  dependence 

5)  Twisting  characteristic  of  fiber  ribbon 
In  this  section,  to  estimate  the  accuracy  of  the 
Brillouin  shift  method,  we  measured  the  minute 
strain  of  twisted  fiber  ribbon. 

Fig.9  shows  the  experimental  set-up  when  a  50g 
initial  tension  was  applied  to  a  8-fiber  ribbon, 
which  was  then  twisted  with  its  two  ends  fixed. 
Fig.  10  shows  the  dependence  on  twisting  pitch  of 
the  Brillouin  shift  of  the  edge  fibers  and  middle 
fibers.  It  can  be  seen  from  this  figure  that  the 
edge  fibers  gradually  undergo  tensile  strain  and 
have  a  good  agreement  with  the  calculated  values 
from  equation(3). 

c-L-KAL_NV(7iDF-KL/Nf 

L  L  (3) 

Where  e,  L,  AL,  N  and  D  are  the  strain,  total 
length,  length  change,  pitch  number  and  ribbon 
width. 

The  middle  fibers  undergo  tensile  relaxation 
though  they  initially  exhibit  virtually  no  change. 
As  a  result,  it  can  be  said  that  fiber  strain  can  be 
measured  the  order  of  1  MHz  accuracy  when  the 
sample  is  longitudinally  uniform  as  in  this  case. 
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Fig.9  Twisted  ribbon  Brillouin  shift  measurement 
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Fig.lO  Twisted  8-flber  ribbon  Brillouin  shift 


6)  Brillouin  gain  spectrum  of  bent  cable 

As  for  the  strains  applied  to  drum-wound 
cables,  a  tensile  strain  and  a  compressive  strain 
occur  in  a  cyclic  manner,  so  these  strains  cannot 
be  measured  by  the  phase  shift  method,  as  they 
counterbalance  each  other.  When  the  Brillouin 
gain  spectrum  is  measured,  however,  the 
spectrum  shape,  especially  the  spectrum 
linewidth  will  change  and  not  counterbalanced 
by  the  strain  distribution!'*). 

Fig.  11  shows  the  Brillouin  spectra  of  a  four- 
fiber  ribbon  itself,  and  Fig.  12  shows  the  spectra 
of  the  same  type  ribbon  in  a  cable  which  is 
wound  on  a  drum.  By  comparing  the  spectra  of 
the  No.l  and  No.4  fibers  with  the  No.2  and  No.3 
fibers  of  the  ribbon  ,  it  can  be  found  that  the 
peak  Brillouin  shift  does  not  change  largely,  but 
the  spectra  of  the  edge  fibers  are  broadened  by 
50  MHz  or  more  when  the  cable  is  wound. 

As  a  rough  approximation,  there  is  0.1%  strain 
distribution  in  this  fiber,  based  on  the  strain 
dependence  coefficient  of  the  Brillouin  shift  M 
(=2.0E-5  /  MHz). 


Brillouin  shift  (GHz) 

Fig.l2  Brillouin  spectra  of  4-fiber  ribbon 
in  bent  cable 


Fig.  13  shows  the  winding  drum  diameter 
dependency  of  the  linewidth  of  4-riber  ribbon  in 
the  same  cable. 

When  the  cable  is  laid  straight,  the  linewidth  of 
each  fiber  is  almost  the  same.  But  when  the  cable 
is  wound  on  a  drum,  the  outer  fibers’  spectrum 
is  broadened,  and  the  inner  fibers  linewidth 
changes  only  slightly. 

Fig.  14  shows  the  same  measurement  for  a  8- 
fiber-ribbon  cable  wound  on  a  Im  diameter 
drum.  For  the  outer  fibers  of  the  ribbon,  the 
linewidth  is  broadened,  but  for  the  inner  fibers, 
the  linewidth  change  is  small. 
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We  were  able  to  evaluate  the  strain  distribution 
in  bent  fiber  cables  qualitatively.  But  to  obtain 
more  accurate  strain  distribution,  we  have  to 
know  the  cyclic  strain  function  of  bent  fiber 
cable.  It  is  generally  difficult  determine,  but  we 
will  investigate  more  deeply  into  this  problem. 

CONCLUSION 

In  this  paper,  we  measured  the  Brillouin  gain 
spectrum  of  fiber  and  fiber  cable  under  various 
conditions.  Using  this  method  we  can  obtain 
highly  accurate  fiber  strain  measurements. 
We  can  also  obtain  information  about  the  strain 
distribution  of  a  fiber  ribbon  in  a  bent  cable 
from  its  Brillouin  gain  spectrum  lineshape. 
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ABSTRACT 

In  China,  optical  fiber  cables  have  now 
been  used  on  most  Inter-offlce  trunks  of 
the  local  network, and  entered  the  national 
and  provincial  toll  network.  In  the  Eighth 
Five  Year  Plan  of  1991 -1995, optical  fiber 
cable  in  the  subscriber's  network  and  local 
area  networks  as  well  as  the  production  of 
0P6W  is  at  the  research  and  experimental 
stage.  Optical  fiber  cable  industry  of 
China  has  been  developing  on  the  basis  of 
existing  telecommunication  cable  Industry 
and  a  few  new  optical  fiber  cable  plants 
have  been  put  into  operation.  The  present 
paper  reviews  the  development  of  optical 
fiber  cable  network  and  optical  fiber 
cable  industry  of  China.  On  the  basis  of 
investigations  into  the  various  kinds  of 
optical  fiber  cable  design  and  the  domestic 
conditions,  suggestions  are  made  for  the 
proper  choice  of  cable  design  and  the  ne¬ 
cessary  tests  to  be  made  on  these  cables. 

1.  INTRODUCTION 

At  the  time  of  founding  of  new  China, the 
telecommunication  network  in  China  was 
extremely  backward.  The  number  of  tele  - 
phone  set  was  less  than  0.3  per  100  per¬ 
sons.  No  great  progress  was  realized  in  the 
50*8  to  70 's  years  period.  Telecommunica¬ 
tion  began  to  develop  in  the  60*8,  and  the 
rate  of  development  increased  gradually. 
There  are  two  reasons.  Firstly .China  began 
to  adopt  the  reform  and  open  policy  in  or¬ 
der  to  accelerate  modernization,  and  in 


the  course  of  modernization.  People  recog¬ 
nized  the  Importance  of  telecommunications. 
Secondly,  since  the  introduction  of  digital 
techniques  and  optical  fiber  techniques  , 
their  advantages  were  rapidly  appreciated. 
In  the  large  and  medium  sized  cities  throu¬ 
ghout  China,  large  capacity  SPC  exchange 
equipments  and  optical  fiber  inter-offlce 
trunks  were  introduced.  Many  provinces, es¬ 
pecially  those  of  coastal  region,  began  to 
install  optical  fiber  toll  cables.  The  exi¬ 
sting  national  toll  network  at  that  time, 
which  is  chiefly  composed  of  open  wire  and 
symmetrical  and  coaxial  cables,  could  no 
more  satisfy  the  ever  Increasing  demand. 

In  the  90 *8,  therefore,  we  began  to  acce¬ 
lerate  the  construction  of  national  optical 
fiber  toll  cable  network. 

With  the  rapid  advance  of  the  digital 
technology,  all  kinds  of  informations  in¬ 
cluding  telephone  can  be  transmitted,  re¬ 
ceived,  processed  and  stored  digitally. 
Therefore,  various  kinds  of  non- telephone 
services  such  as  data,  facsimile,  video  - 
conference,  etc.  have  appeared,  and  after 
a  period  of  experimental  work  and  field 
trials,  optical  fiber  cables  will  gradual¬ 
ly  enter  the  subscriber's  network. 

2.  DEVELOPMENT  OF  TELECOMMUNICATION  NETWORK 
IN  CHINA 

The  telecommunication  networks  in  China 
are  divided  into  two  major  groups,  namely, 
the  public  network  and  proprietary  network 
(military,  railway, electric  power,  etc.}. 
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we  here  chiefly  discuss  the  public  network. 

After  liberation,  damaged  pole  lines  were 
restored  and  rearranged  to  carry  3-  and  12- 
channel  ca  .rrier  systems.  In  local  networks, 
measures  were  taken  to  prolong  the  lifC  of 
the  then  existing  paper-insulated  lead- 
sheathed  cables.  From  late  50 's  to  early 
SO'SfCarrier  frequency  quad  toll  cables, 

2. 6/9. 5  mm  and  1.2/4. 4  mm  coaxial  cables  as 
well  as  paper-insulated  lead-sheathed  local 
cables  were  manufactured  by  our  own  cable 
plants  and  installed  in  the  toll  and  local 
networks.  - 

The  research  and  development  of  olefin  - 
insulated  local  pair  cables  began  in  the 
early  70 's,  but  due  to  the  limitation  of 
the  necessary  raw  materials  and  manufactu¬ 
ring  equipments  available  at  that  time,  the 
products  were  not  satisfactory  until  Cheng¬ 
du  -Cable  Plant  (CDC)  Introduced  in  early 
80 's  licenses  from  Essex  and  selected  the 
necessary  manufacturing  equipments,  testing 
Instruments,  and  raw  materials  from  diffe¬ 
rent  foreign  suppliers.  In  the  late  80 's 
and  early  90 *s,  these  cables  have  been  pro¬ 
duced  by  many  cable  plants  in  China. 

V 

The  research  and  development  of  optical 
fiber  cmd  optical  fiber  cables  began  in  the 
late  70 's.  In  1978,  the  first  optical  fiber 
inter-office  Junction  cable  were  Installed 
in  Shanghai,  using  domestic  products.  The 
fibers  are  multi-mode  fibers  operating  in 
the  850  nm  wavelength  region.  In  the  early 
80 's,  multi-mode  fibers  operating  in  the 
1300  nm  region  were  produced,  but  soon  tur¬ 
ned  to  the  single  mode  fibers  in  the  late 
80 's.  Although  a  certain  amount  of  multi- 
mode  fiber  cables  were  used  on  inter-office 
trunks,  the  optical  fiber  cables  on  toll 
routes  are  single  mode.  The  optical  fiber 
cables  already  installed  are  of  three  kinds., 
namely,  domestic  cables  using  domestic  fi¬ 
bers,  domestic  cables  using  Imported  fibers, 
and  Imported  cables.  Due  to  the  fact  that 
domestic  fibers  are  still  somewhat  inferior 


in  tensile  strength,  and/or  attenuation  cha¬ 
racteristics,  these  three  kinds  of  cables 
are  selected  according  to  specific  enginee¬ 
ring  requirements. 

Besides  wire  transmission,  the  analog  mi¬ 
crowave  systems  carrying  600,  900  and  1800 
channels  were  put  into  operation. The  total 
length  exceed  ten  thousand  kilometers.  Re¬ 
cently,  digital  microwave  systems  were  also 
introduced. 


TABLE  1  THE  GROWTH  OP  THE 
TELECOKMUNICATION  NETWORK  OP  CHINA 


wire  or 

Unit  End  of 

Year 

Cable 

1990 

1991 

Open  Wire 

1000 

route-km  168 

166 

1000 

pair-km  680 

672 

Toll  Symm. 

1000 

route-km  10.4 

10.1 

Cables 

1000 

8heath-km18.6 

2. 6/9. 3  Coax. 

1000 

sheath-km  6.5 

6.6 

1.2/4. 4  Coax. 

1000 

sheath-km  5.2 

5.5 

Local  Cu  Cable 

1000 

sheath-km  137 

165 

Toll  O.P. Cable 

1000 

sheath-km  3.3 

6.5 

Local  O.P. Cable 

1000 

sheath-km  2.4 

3.4 

TABLE  2  THE  GROWTH  OF  EXCHANGE  CAPACITY 


AND  THE  AMOUNT  OP 

TELEMONB  SET  IN  CHINA 

Item 

■  Unit 

End  of 

Year 

1990 

1991 

Toll  Exchange : 

Manual 

1000  Lines  200 

197 

Blec.-Mech. 

1000  Ch. 

-term.  9. 8 

10.3 

SPC 

1000  Ch. 

-term. 15? 

276 

Local  Exchange: 

Manual 

Million 

Lines  0.3 

0.3 

Elec.-Mech. 

Million 

Lines  4.0 

4.4 

SPC 

Million 

Lines  3.6 

5.7 

PBX 

Million 

Lines  7.4 

8.5 

Telephone  Set: 

On  Public  Ex. 

Million 

Sets  5.3 

Total 

On  PBX 

Million 

Sets  5.0 

14.5 

Prom  1980,  when  China  began  to  adopt  re¬ 
form  and  open  policy,  the  development  of 
telecommunication  speeded  up.  P  &  T  Mini¬ 
stry  of  China  suggested  that  in  the  two 
decades  from  1980  to  2000,  the  telecommuni¬ 
cation  services  be  increased  eight  times. 
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Table  1  and  Table  2  show  the  status  of  tele¬ 
communication  equipments  by  the  end  of  1990. 
The  Eighth  Five  Year  Plan  began  from  1 991 , 
and  the  development  of  telecoimuunication 
is  further  accelerated.  Table  1  and  Table  ? 
show  the  growth.  Prom  the  tables*  It  can  be 
seen  that  the  rate  of  increase  of  the  SPU 
exchange  and  optical  fiber  cables  were  ex¬ 
tremely  high,  and  far  exceeded  the  average 
rate  of  increase  suggested  by  P  &  T  Minis¬ 
try  for  the  two  decades  from  1990  to  2000. 
Nevertheless,  due  to  the  large  population, 
the  number  of  telephone  sets  per  100  inha¬ 
bitants  was  still  as  low  as  1.2  by  the  end 
of  1991.  This  means  that  there  is  a  great 
potential  need  for  the  telecommunication 
equipments  in  China. 

A  study  on  the  future  development  of  op¬ 
tical  fiber  cable  network  and  optical  fiber 
cable  industry  is  of  prime  importance.  This 
will  be  discussed  below. 

3.  AN  ESTIMATION  ON  THE  FUTURE  DEVELOPMENT 
OF  OPTICAL  FIBER  CABLE  NETWORK 

It  can  be  seen  from  the  previous  para¬ 
graph,  that  optical  fiber  cables,  apart 
from  the  inter-office  trunks  accompanying 
the  growth  of  SPC  exchanges,  are  entering 
the  national  and  provincial  toll  routes  at 
a  quite  rapid  rate.  We  discuss  here  the  de¬ 
velopment  trends  of  ootlcal  fiber  cables 
in  the  next  decade. 

3.1  Tnter-office  cables 
The  inter-office  cables  already  Installed 
are  mostly  single  mode  fiber  cables (G .652) 
with  a  small  portion  of  multimode  fiber 
cables  (G.651).  The  optical  fiber  cables 
to  be  installed  in  the  future  will  be  so¬ 
lely  single  mode  optical  fiber  cables,  con¬ 
forming  with  the  CCITT  G.652  Recommendation. 
Most  of  the  cables  will  operate  on  140 
Kbit/s,  and  a  small  part  will  operate  on 
34  Kbit/s  at  first  stage  and  converted  to 
140  Kbit/s  later  on.  In  rare  cases  where 
the  traffic  is  exceptionally  high,  565  or 
622  Kblt/s  systems  may  be  used.  It  Is  esti¬ 


mated  that  the  maximum  number  of  fiber  in 
the  cables  will  be  48,  Moat  of  the  optical 
fiber  cables  used  up  to  the  present  are  of 
loose  structure  (loose  tube  or  slotted  core). 
The  number  of  fibers  in  a  loose  tube  or 
slot  varies  from  1  to  8.  The  cables  have 
LAP  sheath  and  are  mostly  Jelly- filled. 

These  cables  are  mostly  Installed  in  PE 
sub-ducts  with  25-27  mm  inside  diameter. 

Three  sub-ducts  are  preinstalled  in  a  90mm 
concrete  duct.  It  is  estimated  that  no 
great  change  will  occur  in  the  cable  stru¬ 
cture  and  installation  practice. 

3.2  Toll  cables 

The  toll  cables  already  installed  are  si¬ 
milar  to  those  used  in  local  network,  ex¬ 
cept  that  the  cables  are  armored  for  direct 
burial.  The  armor  usually  consists  of  lon¬ 
gitudinally  applied  corrugated  steel  tape 
coated  on  both  sides  so  that  it  is  bonded 
to  the  PE  outer  Jacket.  The  maximum  number 
of  fibers  in  toll  cables  is  24  and  possib¬ 
ly  will  be  increased  to  48  also.  It  can  be 
seen  from  Table  1,  that  in  the  year  of  1991, 
more  than  three  thousand  kilometers  of  toll 
cables  were  put  into  operation.  It  is  est- 
mated  that  by  the  end  of  1995,  additional 
more  than  ten  thousand  kilometers  of  toll 
cable  will  be  installed.  Due  to  the  fact 
that  there  are  160,000  kilometers  of  open 
wire  pole  line  still  existing,  aerial  op¬ 
tical  fiber  cables  were  also  Installed. Ae¬ 
rial  toll  cables  are  hung  on  messenger 
wires  by  means  of  cable  rings.  The  instal¬ 
lation  expenses  for  aerial  cables  are  much 
less  than  those  for  underground  cables, and 
hence  a  considerable  amount  of  aerial  cables 
will  be  installed  in  the  next  decade.  A 
possible  way  to  Increase  the  traffic  car¬ 
rying  capability  is  the  upgrading  of  the 
140  Mbit/s  system  to  565  or  622  Mbit/s 
system.  Therefore,  the  fibers  used  in  the 
cables  should  comply  with  the  requirements 
for  these  high  bit  rate  systems.  The  exp¬ 
loitation  of  the  1550  nm  wave  length  re¬ 
gion  is  not  anticipated,  at  least  before 


International  Wire  &  Cable  Symposium  Proceedings  1992  185 


1995. 

3.3  Cables  in  the  subscriber's  loop 

In  developed  countries,  optical  fiber 
cables  are  entering  the  subscriber's  loop. 
In  China,  however,  copper  cables  are  still 
used  in  the  subscriber's  loop  and  a  consi¬ 
derable  amount  of  copper  cables  will  be 
installed  in  the  near  future.  The  use  of 
2B-I-D  ISDN  on  copper  cables  to  satisfy  the 
needs  of  a  part  of  subscribers  is  under 
experiment.  For  some  special  subscriber, 
however,  there  will  be  need  for  direct  ac¬ 
cess  to  optical  fiber.  Therefore,  medium 
size  optical  fiber  cables  for  the  subscri¬ 
ber's  loop  should  also  be  taken  into  con¬ 
sideration,  especially  those  that  can  be 
Installed  in  the  sub-ducts. 

3.4  Optical  fiber  cables  for  LAN 

In  the  past  few  years,  large  enterprises, 
factories,  financial  organizations  and  news 
agencies  appeared  in  China  and  Local  Area 
network (LAN)  began  to  develop.  The  optical 
fiber  cables  used  in  LAN  will  be  somewhat 
different  from  those  used  in  the  public 
network.  For  example,  the  cables  should  be 
easy  to  terminate  and  easy  to  branch,  they 
should  be  thin  and  flexible,  and  indoor 
cables  should  be  fire-retardant.  The  number 
of  fibers  vturies  from  single  to  a  few  hun¬ 
dred  fibers.  The  requirement  for  the  atte¬ 
nuation  is  not  so  stringent.  The  multi  - 
mode  and  tight  buffer  tube  fibers  may  be 
required. 

3.5  Optical  Ground  wire  (OFGW) 

The  optical  ground  wire  is  another  impor¬ 
tant  application  of  fiber-optic  communica¬ 
tion.  In  the  past,  the  communication  faci¬ 
lities  used  by  the  electric  power  transmi¬ 
ssion  systems  in  China  were  microwave  and 
carriers  on  the  high  tension  transmission 
lines.  Due  to  the  fact  that  optical  fibers 
are  immune  from  the  electro-magnetic  indu¬ 
ctions  which  are  strong  in  the  vicinity  of 
the  high  tension  lines,  optical  fibers  be¬ 
come  the  most  reliable  transmission  medium. 


The  production  of  OFGW  in  China  is  yet  in 
the  experimental  stage.  As  there  is  a  great 
potential  need,  due  attention  should  be 
paid  to  the  design,  manufacture  and  instal¬ 
lation  of  OFGW. 

4.  THE  DEVELOPMENT  OF  OPTICAL  FIBER  CABLE 
INDUSTRY  IN  CHINA 

The  development  of  optical  fiber  industry 
in  China  began  in  the  late  70 's.  In  the 
early  stage,  MCVD  process  was  used  to  pro¬ 
duce  multi-mode  fibers  encapsulated  in 
tight  buffer  tubes,  operating  in  the  850nm 
wave  length  region,  and  later  in  the  1300 
nm  wave  length  region.  The  fibers  were  pro¬ 
duced  by  research  organizations,  and  cables 
are  produced  by  existing  cable  plants,  with 
some  minor  Improvement  made  on  the  cabling 
machines  in  order  to  reduce  the  tensile 
force  on  fibers.  The  first  domestic  opti¬ 
cal  fiber  cable  was  installed  in  Shanghai 
in  1978.  In  the  80 's,  foreign  MCVD  preform 
manufacturing  equipments  and  fiber  drawing 
towers  were  introduced  for  large  scale  pro¬ 
duction.  The  quality  of  the  fibers  improved, 
but,  due  to  various  factors,  it  remains 
not  so  satisfactory  as  expected,  especial¬ 
ly  in  the  tensile  strength  of  the  fibers, 
the  bandwidth  of  multi-mode  fibers  and  the 
attenuation  of  the  single  mode  fibers.  VAD 
preform  equipment  was  also  introduced,  but 
it  works  not  so  satisfactorily  and  were  not 
put  into  regular  production.  According  to 
rough  estimate,  the  production  capacity  of 
fibers  in  China  amounts  to  200  thousand 
kilometers  per  year,  but  the  actual  fiber 
product  in  1991  ia  estimated  to  be  less 
than  20  thousand  kilometers.  To  meet  the 
urgent  demand  of  the  telecommunication  net¬ 
work,  many  cable  plants  improved  their 
equipments  and/or  ordered  foreign  eouip- 
ments  to  produce  optical  fiber  cable,  using 
both  domestic  and  imported  fibers.  As  men¬ 
tioned  earlier,  these  cables  are  largely 
of  loose  type(loose  tube  or  slotted  core). 

A  part  of  the  optical  fiber  cable  was  im- 
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ported  and  used  on  important  toll  routes, 
e.g,  on  the  Nan jlng-Wuhan  route.  In  1990, 
a  Joint  Venture  was  founded  and  began  re¬ 
gular  production  early  this  year.  The  fi¬ 
bers  are  manufactured  by  the  FCVD  process. 

It  was  reported  that  the  quality  of  the 
fibers  equals  the  imported  ones.  From  now 
on,  domestic  optical  fiber  cables  will  in¬ 
creasingly  be  used  on  the  national  and  pro¬ 
vincial  toll  routes  as  well  as  in  the  local 
networks.  On  the  Bei Jing-Wuhan-Guangzhou 
and  Tianjing-Nanjing  toll  routes  now  under 
construction,  the  optical  fiber  cables  are 
being  produced  by  several  cable  plants,  CSC 
being  one  of  the  large  suppliers.  These 
cable  plants  will,  in  the  course  of  regular 
production,  contlnously  improve  their  cable 
design,  technology,  and  test  equipments. 

In  these  respects,  IWCS  Proceedings  have 
given  and  will  continue  to  give  valuable 
help. 

Recently, the  fiber-bundle  central  core 
tube  type  cable  was  put  on  the  market. 

There  have  been  various  comments  on  such 
cable.  These  will  be  discussed  in  the  fol¬ 
lowing  paragraph. 

5.  THE  FUTURE  DEVELOP^.ENT  OF  OPTICAL  FIBER 
CABLE  INDUSTRY  IN  CHINA 

On  the  basis  of  the  discussion  in  the  pre¬ 
ceding  paragraphs,  the  authors  considered 
that  in  order  to  satisfy  the  growing  demands, 
apart  from  the  production  of  high  quality 
fibers  (discussions  about  the  fiber  produ¬ 
ction  are  beyond  the  scope  of  this  article), 
the  following  points  should  be  carefully 
studied  by  the  optical  fiber  Industry,  In 
cooperation  with  the  telecommunication  ad¬ 
ministrations,  who  are  responsible  for  the 
networks. 

5,1  Fiber-bundle  central  core  tube  type 
cable  vs.  other  type  cables 

The  fiber-bundle  central  core  tube  type 
cable  has  certain  advantages  as  compared 
with  the  loose  construction  cable.  Amoung 


others,  easy  access  to  fibers  and  light 
weight  for  thr  direct  burial  cables  are 
the  most  important.  Certain  precautions, 
however,  seem  to  be  necessary  during  manu¬ 
facture  and  installation. 

Firstly,  due  to  the  fact  that  the  core 
tube  is  placed  along  the  cable  axis,  apart 
from  the  excess  length  of  fibers  in  the 
core  tube  itself,  no  additional  excess 
length  can  be  obtained  from  twisting  the 
tubes  around  the  central  member. According 
to  Ref. (1), in  the  LXE  cable  of  AT  &  T,the 
fiber  excess  length  is  about  0.15‘<.  When 
the  cable  is  pulled  to  the  rated  tensile 
load  of  2700  N,  the  cable  is  elongated 
about  by  0.33'*^.  That  is  to  say,  the  fibers 
in  the  cable  will  be  elongated  by  0.18 
This  elongation  is  equivalent  to  a  stress 
level  of  about  30  kpsi,  which  constitutes 
605^  of  the  proof  test  strength.  This  seems 
to  be  somewhat  too  high  for  cables  which 
are  liable  to  be  under  high  tensile  load, 
e.g,  for  aerial  cables  and  for  pulling  long 
length  cables  into  ducts.  In  loose  tube 
cables,  due  to  the  twist  of  the  tubes  a- 
round  the  central  member,  the  following  ad¬ 
ditional  excess  length  t  is  obtained  (expre¬ 
ssed  in  fraction) : 

f = a/2)  X  (2  ^R/s)  *x  [2  6R/R- ( 6R/R)  ^*1 

where  R  — (pitch  diameter  of  loose  tubes)/? 

6r  "(inside  radius  of  loose  tube) 
-(equl. radius  of  fiber  bundle) 

S  —length  of  twist 

Figure  1  shows  the  additional  excess  length 
of  fibers  in  loose  tube  cables  as  a  func¬ 
tion  of  twist  length.  It  can  be  seen  from 
the  figure  that  with  100-140  mm  twist 
length,  sufficient  additional  excess  length 
is  obtained.  The  effective  bending  radius 
of  the  fibers  Re  as  a  result  of  twist  can 
be  calculated  as  follows: 

Re  =  R+ (8/271)  */ll 

The  values  of  Re  as  a  function  of  S  are 
also  shown  in  Fig.  1.  When  S  lies  in  the 
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range  100-140  mm.  Re  will  be  In  the  range 
117-228  mm,  which  Is  allowable  for  most 
f Ibers. 

Secondly,  due  to  the  fact  that  the  two 
diametrically  opposite  1.6  mm  strength  mem¬ 
bers  are  extruded  in  the  HOPE  sheath.  The 
thickness  of  the  sheath  at  the  strength  mem¬ 
bers  will  be  less  than  1  mm.  People  doubt 
that  under  the  condition  of  the  installa¬ 
tion  practice  used  in  China,  this  small 
thickness  may  be  unable  to  maitain  the  . 
sheath  integrity, 

In  China,  for  the  Installation  of  direct 
burial  cables,  direct  plowing  is  seldomly 
used,  and  manual  trenching  is  the  common 
practice.  The  cable  is  unrolled  from  the 
drum  and  placed  in  the  form  of  figure ”8"  on 
special  shelves.  The  shelves  are  then  car¬ 
ried  to  appropriate  locations  for  place  - 
ment  into  the  trench.  Therefore,  during  in¬ 
stallation,  the  cable  is  not  liable  to  be 
damaged  by  the  mechanical  forces  produced 
by  the  plowing  operation,  nor  liable  to  be 
put  under  appreciable  tensile  load,  but, due 
to  the  fact  that  the  trenching  and  refill¬ 
ing  operations  are  commonly  done  by  local 
farmers,  sheath  damages  by  shovels  or  fall¬ 
ing  rocks  during  refilling  operations  are 
not  Infrequent.  At  road  crossings,  where  the 
cable  must  go  through  protecting  pipes, 
sheath  damages  at  the  pipe  entrances  often 
occur.  These  sheath  damages  have  been  posi¬ 
tively  confirmed  by  the  experience  in  the 
installation  of  1*2/4«4  mm  coaxial  toll 
cables.  These  coaxial  cables  have  a  alumi¬ 
num  sheath  1.4  mm  thick  and  a  PE  outer  jac¬ 
ket  2.0  mm  thick.  The  sheath  damages  have 
been  considered  as  a  serious  problem  for  a 
long  time.  For  the  detection  and  location 
of  the  sheath  damage  after  installation, 
the  insulation  resistance  between  the  sheath 
and  ground  is  monitored,  so  that  the  sheatn 
deunages  can  be  repaired.  Such  repairs,  how¬ 
ever,  sometimes  prove  to  be  unsatisfactory. 


Ref(l)  reported  the  experience  with  the 
LXE  cable,  with  the  sheath  thickness  in¬ 
creased  to  3  mm,  3%  sheath  damage  was  re¬ 
ported.  This  needs  further  Investigation. 


TABLE  3  DIMENSION  AND  WEIGHT  OP  OPTICAL 
FIBER  CABLES  (8  -  48  FIBERS) 


LXE-ME  Cable 

Loose-tube 

Cable 

lAt  &  Tl 

Unarraored 

Armored 

O/s  Dia.,mm  12.4 

10.7 

14.7 

Wt. ,  kg/km  156 

130 

268 

From  Table  3,  it  can  be  seen  that  in  the 
viewpoint  of  cable  dimension  and  weight  , 
LXE-ME  cable  is  better  than  the  loose  tube 
cable  for  direct  burial  use,  but  the  case 
is  reversed  for  duct  use.  It  seems  to  us 
that  deep  investigations  and  some  modifi¬ 
cations  may  be  necessary. 

5.2  Subscriber  optical  fiber  cable  design 
Although  optical  fiber  cable  will  not 
enter  the  subscriber’s  loop  in  large  quan¬ 
tities  in  the  next  few  years,  as  discussed 
earlier,  it  is  time  for  the  ontical  fiber 
industry  to  consider  this  matter.  For  small 
size  cable  (e.g.,with  less  than  96  fibers), 
ordinary  loose  lube  or  slotted  core  cable 
can  be  used  as  well,  when  the  number  of  fi¬ 
bers  increases,  however,  the  reduction  of 
cable  diameter  will  become  essential.  In 
metropolitan  areas,  where  the  underground 
ducts  are  congested,  it  will  be  economical¬ 
ly  advantageous  if  the  eubacrlber's  cable 
cem  be  put  into  the  sub-ducts. The  adoption 
of  fiber  ribbons  seems  preferable.  The  fi¬ 
ber  ribbons  can  be  assembled  into  core  tu¬ 
bes, slotted  cores  or  special  8pacers(2,3,4X 
In  the  ordinary  loose  tube  cables,  the  a- 
verage  cross-sectional  area  of  the  cable 
per  fiber  is  approximately  3  sq.mm.  If  fi¬ 
ber  ribbons.  Instead  of  individual  fibers, 
are  placed  in  the  loose  tubes,  the  cross- 
sectional  area  per  fiber  will  be  reduced 
to  about  0.8  sq.mm  and  if  fiber  ribbons 
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are  assembled  In  slots,  this  figure  will 
be  further  reduced  to  0.4  sq.mm  per  fiber. 
With  the  adoption  of  special  spacers,  the 
cross-sectional  area  per  fiber  may  reach 
0.2  sq.mm.  In  this  case,  the  outside  dia¬ 
meter  of  a  4000  fiber  cable  will  be  only 
33  mm(4).  The  mass  splicing  Is  another  ad¬ 
vantage  of  the  fiber  ribbons,  which  re¬ 
sults  in  the  economy  of  time  and  cost  of 
Installation.  Although  fiber  ribbons  are 
not  new,  they  are  yet  unfamllar  to  our 
country,  and  It  Is  recommended  that  the 
optical  fiber  cable  industry  should  begin 
their  design  and  manufacture,  and  put  Into 
field  trial. 

5.3  LAN  optical  fiber  cables 

?or  the  optical  fiber  cables  used  In  the 
local  area  network(LAN) ,  there  are  several 
peculiarities  to  be  investigated  and  expe¬ 
rimented  by  the  optical  fiber  cable  indu¬ 
stry,  apart  from  the  selection  of  appro¬ 
priate  fiber  for  use.  Firstly,  the  appli¬ 
cation  of  the  tight  secondary  buffer  coat¬ 
ing  of  the  fibers  was  not  satisfactory  at 
the  early  stage  of  production  in  the  80 *s, 
especially  the  microbending  loss  when  la¬ 
teral  pressure  is  applied  during  cabling 
and  Installation.  Secondly,  fire-retardant 
shaeth  materials  have  to  be  carefully  se¬ 
lected  and  the  extrusion  process  investi¬ 
gated.  The  single  or  dual  fiber  drop  cables 
for  aerial  entrance  to  buildings  also  need 
investigation, because  high  tensile  strength 
and  small  sise  are  required. 

Another  type  of  cable  which  may  be  of  In¬ 
terest  to  LAN  Is  the  air-blown  fiber  cable. 
For  some  special  subscribers,  the  use  of 
optical  fibers  in  their  premises  Is  not 
very  distant,  but  at  present  it  is  possi¬ 
bly  not  yet  economical,  and  metallic  sym¬ 
metrical  or  coaxial  cables  are  Installed. 

To  simplify  the  rearrangement  in  the  near 
future,  empty  tubes  may  be  provided  in 
these  metallic  cables  and  optical  fibers 
may  be  blown  In  at  the  time  of  need.  This 


may  be  an  economical  solutlonf3).  Similar 
condition  exists  in  the  entrance  cable  of 
the  distribution  network  into  large  subsc¬ 
riber's  premises.  It  seems  that  there  is 
no  difficulty  for  the  provision  of  tubes 
in  the  metallic  cables,  but  the  cable 
plants  should  cooperate  with  the  installa¬ 
tion  companies  for  the  field  trial  of  the 
air-blown  techniques. 

5.4  Non-metalllc  optical  fiber  cables 

For  cable  routes  which  are  in  close  pro¬ 
ximity  with  high  tension  power  transmis¬ 
sion  lines  or  electric  railroads  where, in 
case  of  fault,  serious  overvoltage  will 
occur,  non-metalllc  cables  are  preferred. 
These  cables  take  maximum  advantage  of  the 
induction-free  characteristic  of  optical 
fibers.  The  same  situation  exist  when  the 
optical  fiber  cables  go  through  districts 
where  thunder  storms  are  frequent.  As  the 
electrification  of  railroads  and  expansion 
of  the  high  tension  power  transmission 
lines  are  in  progress  at  a  quite  rapid  rate 
in  China,  the  optical  fiber  cable  industry 
should  accelerate  the  development  of  non- 
metallic  cables. 

The  most  promising  material  to  be  used 
as  the  tension  bearing  elements  is  fiber 
reenforced  plasticCFRP) .  FRP  is  processed 
into  the  form  of  rods  having  a  circular 
cross-section  and  used  in  place  of  metallic 
tension  members  both  in  the  cable  core  and 
in  the  armor(6).  The  cross-section  of  the 
PRP  rods,  however,  must  be  much  larger 
than  that  of  the  metal  wires,  because  the 
Young's  modulus  of  FRP  rod  is  only  about 
one  fourth  that  of  steel  wire (7). In  order 
that  the  diameter  increase  will  not  seriou¬ 
sly  impair  the  flexibility  of  the  cable, 

PRP  rods  having  different  cross-sections 
(oval, rectangular, etc. )  were  developed (7) . 
This  is  specially  important  for  indoor 
cables.  Moreover,  as  there  is  no  longer 
metallic  moisture  barriers  in  non-metallic 
cables,  the  sheath  design  should  be  more 
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careful  to  prevent  the  possibility  of  mois¬ 
ture  penetration.  The  optical  fiber  cable 
industry  in  China  should  quickly  get  fami¬ 
liar  with  the  non-metallic  cable  design  and 
manufacture,  especially  in  the  processing 
of  PRP  rods. 

5.5  Optical  ground  wire 

Optical  ground  wires  (OFGW)  are  usually 
installed  on  long  spans,  and  In  order  to 
keep  OPGW  operate  satisfactorily  even  under 
extreme  climatic  conditions.  OPGW  must  be 
designed  such  that  when  OPGW  is  subjected 
to  the  largest  possible  tensile  load,  the 
strain  in  the  fibers  is  still  kept  within 
allowable  limits.  Optical  fibers  along  the 
wire  axis  may  prove  unsatisfactory  in  this 
respect.  Experimetal  OPGW  of  such  type  was 
manufactured  in  China,  and  fiber  breakage 
did  occur.  Fibers  placed  in  loose  tubes  or 
slots  away  from  the  wire  axis  may  be  more 
preferable,  because  the  total  excess  length 
of  the  fibers  may  easily  desigasd  to  be  as 
large  as  0.4-0.554.  Loose  tube  fibers  in 
slots  of  aluminum  core  presented  by  AEG 
could  be  a  suitable  design  (8),  and  the 
use  of  welded  steel  tubes  as  the  loose  tu¬ 
bes  for  fibers  may  be  more  suitable.  As  the 
manufacturing  equipments  for  OPGW  are  part¬ 
ly  different  from  those  used  for  other  op¬ 
tical  fiber  cables,  the  cable  plants  that 
manufacture  power  wire  and  cables  may  be 
more  suitable. 

5.6  Test  for  the  fiber  strain  in  optical 
fiber  cables 

For  the  sake  of  confirming  that  optical 
fiber  cables  satisfy  the  cable  specifica¬ 
tions,  the  manufacturer  should  perform  va¬ 
rious  type  approval  tests  besides  the  nor¬ 
mal  acceptance  tests.  Among  others,  the 
mechanical  tests  are  the  most  important. 
Table  4  gives  the  tests  usually  performed. 
In  China,  a  computer  controlled  mechanical 
performance  test  set  was  developed  and  im¬ 
proved  for  this  purpose. 


TABLE  4  MECHANICAL  PERFORMANCE  TESTS  ON 
OPTICAL  FIBER  CABLES 

Test  Specifications 

.Item _ JEC _ SIAI— 

Tensile  794-1 -El  FOTP-33  5.1.4  7425.? 

Loadlng_______ _ _ _ _  _ 

Compre8slve794-B3  FOTP-41  5.1.3  7425.3 
If2S3iSS__ _ _ _ _ _ _ _ 

Twist _ 234zlrS2_ZOS?:§5__Sili.S_-212§i§, 

Repeated  794-1-E6  FOTP-104  5.1.6  7425.5 

bend _ _ _ _ 

Impact  794-1 -K4  FOTP-25  5.1.2  7425.4 


*  EIA  Standard  RS-455 
»*  Bellcore  TR-TSY-000020  Issue  4 
***Chine8e  National  Standard,  1987 

Other  tests  are  sometimes  required,  how¬ 
ever,  in  order  to  ascertain  that  the  cable 
will  satisfy  the  installation  and  opera¬ 
tion  requirements.  The  fiber  strain  test 
is  one  of  the  important  tests.  As  discuss¬ 
ed  earlier,  by  proper  cable  design,  the 
strain  on  the  fibers  in  the  cable  can  be 
made  to  be  far  less  than  that  of  the  cable. 
Tests  are  necessary  to  determine  whether 
the  design  objective  has  been  accompli¬ 
shed.  The  tensile  loading  test  results 
listed  in  Table  4  do  not  clearly  reveal 
the  strain  of  fiber,  because  in  these 
tests,  only  the  fiber  attenuation  Is  moni¬ 
tored.  The  attenuation  of  the  fiber  in  the 
cable  under  test  depends  upon  many  factors. 
For  example,  in  the  central  core  tube  type 
cable,  when  the  cable  is  put  under  tension, 
no  noticeable  attenuation  change  will  be  ob¬ 
served  before  the  fiber  breaks.  As  any  pos¬ 
sible  strain  existing  in  the  fibers  will 
more  or  less  affect  the  life  of  the  fibers, 
the  determination  of  the  strain  on  the  fi¬ 
bers  in  the  cable  is  essential.  Articles 
have  been  published  on  such  tests (9).  Such 
tests  were  also  performed  in  China,  utili¬ 
zing  the  computer  controlled  mechanical 
performance  test  set  mentioned  above. Fig, 2 
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shows  the  schematic  diagram  of  such  a  test. 
The  strain  on  the  fiber  In  the  cable  under 
test  Is  calculated  from  change  In  propaga¬ 
tion  time  in  frequency  domain(9» 10) .Pig.3 
shows  the  test  result  of  Ci)C  on  loose  tube 
cables.  Prom  the  figure.  It  can  be  seen 
that  for  cable  strain  below  0.39i  (corres¬ 
ponding  to  4.3  KN  tensile  load),  the  rate 
of  Increase  of  strain  Is  less  than  that  of 
the  cable.  The  dotted  line  shows  the  theo¬ 
retical  result.  The  discrepancy  between 
the  theoretical  and  measured  results  may 
probably  be  explained  by  the  fact  that  the 
fibers  require  some  time  to  relax  themsel¬ 
ves  in  the  loose  tubes  which  Is  filled  with 
Jelly.  The  rate  of  application  of  the  ten¬ 
sile  load  should  probably  be  decreased. 
Further  investigations  are  necessary.  For 
the  OPGW,  such  a  test  may  be  even  more  im¬ 
portant. 

5.7  Test  for  the  fiber  excess  attenuation 
at  low  temperatures 

China  has  a  large  territory  and  the  cli¬ 
matic  conditions  varies  widely  from 
place  to  place.  Optical  fiber  cables  may 
encounter  extreme  temperatures,  especially 
in  the  case  of  aerial  cables.  At  low  tem¬ 
peratures,  the  shrinkage  of  the  cable  may 
cause  the  macro-and  micro-bending  of  the 
fibers.  Although  great  care  could  be  taken 
in  the  cable  design,  based  on  the  knowledge 
of  the  linear  expansion  coefficient  of  va¬ 
rious  elements  of  the  cable,  precise  re¬ 
sults  are  often  difficult  to  obtain.  The 
more  reliable  and  final  way  is  by  means  of 
low  temperature  tests  performed  on  the  fi¬ 
nished  cables.  Temperature  controlled 
chambers  of  sufficient  size  is  therefore 
necessary.  Pig. 4  shows  the  result  of  such 
a  test  performed  in  CTXi  on  an  8-fiber 
loose  structure  cable.  It  can  be  seen 
from  the  figure  that  for  temperatures  be¬ 
low  -30  deg.C,  excess  attenuation  increa¬ 
ses.  While  such  a  cable  is  well  suitable 
for  underground  use  elsewhere  in  our  coun¬ 
try,  it  should  be  further  improved  if  it 


is  to  be  used  for  aerial  installations  in 
the  northern  districts  where  the  tempera¬ 
ture  in  the  winter  may  be  as  low  as  -50deg. 
C.  For  toll  cables,  which  may  exploit  1550 
nm  wavelength  region,  such  a  test  will  be 
even  more  important,  as  in  this  region  the 
fibers  are  far  more  sensitive  to  bending 
than  in  the  1310  nm  region.  It  is  necessa¬ 
ry  for  the  cable  manufacturer  to  get  more 
experience  in  this  respect. 

5.8  Lightning  protection  of  optical  fiber 
cables 

Although  the  optical  fiber  itself  is  im¬ 
mune  to  lightning  discharges,  the  light¬ 
ning  protection  of  optical  fiber  cables  is 
still  necessary  so  long  as  metallic  ele¬ 
ments  are  incorporated  in  the  cable.  In 
the  southern  districts  of  China,  lightning 
hazards  on  metallic  toll  cables  are  not 
rare.  The  metallic  elements  in  optical  fi¬ 
ber  cables  are  usually  the  strength  member, 
the  water  barrier,  and  the  armor.  For  ade¬ 
quate  lightning  protection,  how  to  connect 
these  metallic  elements  in  the  Joint  clo¬ 
sures  is  an  open  question.  Some  people  ad¬ 
vocate  to  insulate  these  metallic  elements 
at  the  closures.  The  reason  is  to  inter¬ 
rupt  the  addition  of  induced  voltages  in 
adjacent  cable  lengths.  If  necessary,  me¬ 
tallic  strand  wire  are  placed  directly 
above  the  cable  to  by-pass  discharge  cu¬ 
rrent,  Other  people  insist  on  connecting 
all  the  metallic  element  across  the  joint 
closure  and  ground  them  at  regular  inter¬ 
vals^  just  as  what  has  been  done  with  the 
metallic  toll  cables.  Although  the  tele¬ 
communication  administrations  should  be 
shiefly  responsible  for  the  lightning  pro¬ 
tection,  the  cable  manufacturer  should 
closely  cooperate  with  them,  as  the  light¬ 
ning  protection  capability  depends,  in  a 
certain  extent,  on  the  discharge  current 
carrying  capacity  of  the  cable.  The  use  of 
non-metalllc  cable  is  another  possible  so¬ 
lution  for  lightning  protection.  Although 
at  present,  it  is  often  economically  dis- 
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advantageous.  It  may  be  quite  promising  in 
the  future. 

5.9  The  hydrogen  source  in  optical  fiber 
cables 

It  is  well  known  that  the  attenuation 
and  life  of  the  fibers  will  be  seriously 
affected  by  the  presence  of  hydrogen.  The 
chief  sources  of  hydrogen  are  the  metallic 
elements  in  the  cable.  These  elements,  in 
the  presence  of  moisture,  may  generate  hy¬ 
drogen  due  to  electrolysis.  LAP  sheaths 
are  widely  used  in  China,  but  the  problem 
of  hydrogen-generation  has  not  been  well 
studied,  and  potential  risk  may  exist.  A 
deep  investigation  may  be  necessary  for 
the  cable  manufacturer. 

6.  CONCLUSION 

In  China,  telecoinmunicatlon  is  develop¬ 
ing  at  an  unprecedented  rate.  Optical  fi¬ 
ber  cables  have  been  universely  used  in 
the  inter-office  trunks  of  the  local  net¬ 
work  and  are  entering  the  toll  network. 

The  use  of  optical  fiber  cables  in  subscri¬ 
ber's  and  local  area  networks  is  at  expert* 
mental  stage.  The  optical  fiber  cable  indu¬ 
stry  should  take  up  the  responsibility  of 
supplying  the  various  kinds  of  optical  fi¬ 
ber  cables.  Several  suggestions  are  presen¬ 
ted  by  the  authors.  They  are ; 

(1)  The  possible  Improvement  of  the  opti¬ 
cal  fiber  cables  for  the  inter-office 
trunks  and  toll  trunks.  Including  the  fi¬ 
ber-bundle  central  core  tube  type. 

(2)  The  development  of  subscriber's  cables 
and  cables  for  the  local  area  networks,  in¬ 
cluding  the  premise  cables  and  air-blown 
fiber  cables. 

(3)  The  improvement  of  the  OPBW  design. 

(4)  Several  basic  tests,  including  the 
fiber  strain  tests  on  fibers  in  the  cable, 
low  temperature  test,  lightning  protection 
tests,  and  hydrogen  tests. 


By  way  of  these  efforts,  the  present  op¬ 
tical  fiber  cable  industry,  through  certain 
additional  improvements  in  equipments  and 
technology,  will  be  able  to  meet  the  in¬ 
creasing  demands. 
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Fig. 2  Soheaaiie  Diagran  of  Strain  Measurement 
for  fibers  in  optical  cable 
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Fig. 3  Fiber  Strain  as  a  Function  of  Cable  Strain 
or  Tensile  Load  on  Cable 
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Excess  Loss  in  Cable 


International  Wire  &  Cable  Symposium  Proceedings  1 992  1 95 


Zhang  You  Kun 
Chengdu  Cable  Plant 
Chengdu,  Sichuan, 
China 


and  development  of  optical  fiber  cables 
and  materials. 


Xu  Nai  Ying 
Chengdu  Cable  Plant 
Chengdu,  Sichuan, 
China 


Madam  Zhang  You  Kun  graduated  from  Xian 
Jiao  Tong  University  in  I960,  majoring  in 
electrical  Insulation  and  cable  technology. 
After  graduation,  she  joined  the  Chengdu 
Cable  Plant  and  has  been  engaged  in  cable 
design  and  manufacturing  technology.  In 
1981  she  was  promoted  to  Chief  Engineer 
and  is  responsible  for  the  technical  deve¬ 
lopment  of  new  products.  She  is  a  senior 
engineering  member  of  the  Telecommunica¬ 
tion  line  Committee  of  China  Institute  of 
communication.  In  1986,  she  was  awarded 
the  title  of  National  Expert  for  her  out¬ 
standing  contributions  in  China. 


Mr.  Xu  Nai  Ying  received  his  B.S.  degree 
in  1946  in  Electrical  Engineering  from 
Jiao  Tong  University  in  Shanghai,  China. 

He  has  been  engaged  in  the  research  and 
development  work  of  metallic  as  well  as 
optical  fiber  telecommunication  cables  in 
the  Acedemy  of  Posts  and  Telecommunications 
of  MPT  (Beijing,  1956-1965)  and  the  fifth 
Research  Institute  of  MPT  (Chengdu,  1965- 
1985, .as  Deputy  Chief  Engineer).  He  la  now 
a  Council  Member  of  China  Institute  of 
communications (CIC)  and  Director  of  the 
Telecommunication  line  Committee  of  CIC. 

He  is  also  one  of  the  Advisors  of  the  Cheng 
du  Cable  Plant. 


SI  Tian  He  Chen 

i  Chengdu  Cable  Plant 

I  Chengdu,  Sichuan, 

I  China 

Mr.  Tian  He  Chen  was  born  in  1937  and  was 
graduated  from  Electrical  Engineering  De¬ 
partment  of  Xian  Jiao  Tong  University  in 
1961,  majoring  in  electric  insulation  and 
cable  technology.  He  joined  Chengdu  Cable 
Plant  in  the  same  year.  He  was  engaged  in 
the  research,  design  and  manufacture  of  te¬ 
lecommunication  cables.  He  is  now  Deputy 
Chief  Engineer,  senior  engineer  of  the 
Plant,  and  is  in  charge  of  the  research 


196  International  Wire  &  Cable  Symposium  Proceedings  1992 


Investigations  on  a  Radiation  Hardened  Multimode  Fibre 


M.  Emmerich 


Kabelwerk  Oberspree  GmbH 
Berlin.  Germany 


Abstract 

The  results  of  investigations  on  a  radiation  har¬ 
dened  multimode  fibre  at  steady  stafe  gamma 
and  pulsed  electron  radiation  are  presented  Tfie 
influence  of  the  wavelength,  the  temperature,  the 
launched  power  and  the  dose  rate  on  the  radia¬ 
tion  induced  losses  is  shown.  Different  cable 
constructions  using  these  fibres  are  presented. 


1.  Introduction 

Because  of  the  various  advantages  of  optical  fi¬ 
bres.  their  application  is  of  great  interest  under 
adverse  environmental  conditions  like  nuclear 
radiation  too.  The  standard  multimode  fibres  are 
very  high  sensitive  against  radiation.  Because  of 
typical  induced  loss  of  70  dB/km  at  1 300  nm  at  a 
total  dose  of  1 0^  rads  these  fibres  are  unsuitable 
for  the  use  in  data  communication  systems  under 
radiation  environment,  it  was  necessary  to  deve¬ 
lop  a  new  radiation  resistant  fibre.  The  research 
was  concentrated  on  a  multimode  fibre,  because 
of  the  smaller  problems  when  coupling  different 
cable  lengths  by  lens-connectors  in  comparison 
to  single-mode  ones.  Under  the  same  conditions 
this  new  fibre  shows  a  loss  increase  of  only  2 
dB/km  [1]. 

This  paper  is  to  investigate  the  influence  on  the 
radiation  induced  losses  both  at  steady  state  and 
pulsed  radiation  dependent  on  the  most  impor 
tant  fibre-independent  parameters  like  the  total 
dose,  the  dose  rate,  the  temperature,  the  wa 
velength  and  the  launched  power.  The  results  al 
low  to  estimate  the  application  of  the  fibre  under 
dif-ferent  environments.  Additional  to  the  measu¬ 
rements  in  the  wavelength  range  between  600 
nm  and  1700  nm  to  find  out  the  influence  of 


wavelength  on  the  radiation  induced  losses  the 
other  examinations  were  made  at  both  typical 
wavelengths  for  multimode  fibres  850  nm  and 
f300  nm. 


2.  Rbre  Design 

The  research  was  made  on  a  Ge -doped  graded 
index  multimode  fibre  with  the  dimensions  50/125 
pm.  Also  other  dimensions  like  62.5/125  pm  are 
possible.  The  typical  optical  values  for  this  fibre 
are; 


Attenuation  at  850  nm 
Attenuation  at  1 300  nm 
Bandwidth  at  850  nm 
Bandwidth  at  1 300  nm 
Numerical  Aperture 


;  2.5  ±0.1  dB/km 
:  0.9  ±0.1  dB/km 
:  400  MHZ’ km 
;  800  MHz- km 
;  0.20  ±0.015 


3.  Steeuiy  State  Gamma  Radiation 

For  the  steady  state  radiation  a  Co®^  source  with 
a  maximum  activity  of  600  Ci  and  a  dose  rate  of 
3-10^  rad/min  at  a  spool  diameter  of  4  cm  was 
used.  The  dosimetry  was  realised  with  a 
CAPINTEC  Exposure/Exposure-Rate  Meter  Mo¬ 
del  192.  Fig.1  shows  the  expenmental  apparatus. 
The  following  dependencies  of  the  radiation  indu¬ 
ced  losses  were  measured  : 

*  Wavelength  in  the  range  from  600  nm  to  1 700 
nm 

*  Temperature  between  ^O'C  and  +100'’C 

*  Launched  power  from  0.01  pW  to  650  pW 

*  Dose  rate  in  the  range  fiom  1  rad/s  to  157  rad/s 
with  doses  up  to  10®  rads. 
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3.  t .  Wavelength  Dependence 

Fig. 2  shows  the  radiation  response  of  the  fibre  at 

doses  up  to  10®  rads  for  the  wavelengths  from 
600  nm  to  1700  nm.  In  the  whole  range  the  indu¬ 
ced  losses  decrease  continuously  with  increasing 
wavelength  in  contrast  to  P-codoped  fibres, 
where  the  attenuation  rises  again  at  wavelengths 
greater  than  1100  nm.  Because  of  the  limited  dy¬ 
namic  range  of  the  measurement  equipment  the 
investigations  were  made  with  2  different  fibre 
lengths.  In  the  case  of  the  short  wavelengths  the 
attenuation  was  measured  on  a  fibre  length  of 
1.02  m  ,  with  higher  ones,  where  the  induced  los¬ 
ses  are  smaller  it  was  performed  at  a  80  m  fibre 
length.  The  larger  launched  power  in  the  short  fi¬ 
bre  sample  produces  a  lower  value  of  loss  in 
comparison  to  the  results  on  the  longer  fibre  at 
the  same  wavelength.  This  is  due  to  the  'Pho- 
tobleaching-Effect'.  The  curves  of  the  spectral  at¬ 
tenuation  show  that  the  application  of  this  fibre  is 
sensible  only  in  the  2.  optical  window  at  1 300  nm 

or  at  higher  wavelengths.  For  a  total  dose  of  10® 
rads  the  induced  loss  at  850  nm  was  331  dB/km. 
but  at  1 300  nm  only  8.9  dB/km. 


3.2.  Temperature  DependetKe 

For  the  use  of  this  fibre  under  extreme  environ¬ 
mental  conditions,  additional  to  the  radiations  at 
room  temperature  (RT),  measurements  were 
made  at  -60*0  and  1 00*C.  In  Fig.3  and  4  the  in¬ 
duced  losses  are  presented  at  1300  nm  during 
and  after  irradiation.  The  values  at  -50®C  are 
about  7  times  higher  than  at  RT  and  lOO'C  in 
spite  of  the  absence  of  'Thermal  Annealing'.  At 
100®C  this  annealing-effect  was  not  visible  any 
more.  After  removal  from  the  radiation  field  only 
the  -50®C  curve  shows  a  significant  recovery. 


3.3.  Dependence  on  the  Launched  Power 

These  investigations  were  made  to  find  out 
whether  it  is  possible  to  reduce  the  losses  during 
the  irradiation  by  using  the  'Photobleaching-Ef- 
fect'.  [^pendent  on  the  wavelength  the  typical 
launched  powers  of  LED's  in  communication 
systems  are  about  10  pW.  At  850  nm  a  signifi¬ 
cant  decrease  of  induced  losses  with  increasing 
la>.inched  power  becomes  visible  {Rg.5).  For  P  > 
20  ,iW  an  additional  improvement  couldn't  be 
mea:>ured.  In  comparison  no  influence  of  the  po¬ 


wer  of  the  light  source  in  the  range  of  0.01  pW  to 
324  pW  could  be  observed  at  1300  nm.  The  fluc¬ 
tuation  of  the  324  pW  curve  is  caused  by  drifting 
and  instabilities  of  the  laser  diode  used  in  this 
case  in  contrast  to  the  LED-sources  for  the  lower 
launched  powers. 

This  shows  that  at  the  typical  launched  power  of 
10  pW  effects  a  loss  decrease  by  'Photoblea- 
ching'  for  short  wavelengths.  To  eliminate  every 
influencs  of  'Photobleaching'  on  the  attenuation 
measurements  of  the  other  parameters  a  laun¬ 
ched  power  of  1  pW  was  used  whole  the  time. 


3.4  Dose  Rate  DeperxierKse 

For  the  different  application  fields  of  these  fibres 
such  as  nuctear  power  techniques,  medicine  or 
military  use.  different  dose  rates  cxxajr.  varying 
about  several  decamal  places.  To  compare  this  in¬ 
fluence  on  radiation  induced  losses,  the  attenua¬ 
tion  of  the  fibre  was  measured  for  dose  rates 
between  1  rad/s  and  1 57  rad/s  and  total  doses  to 

1 0®  rads.  The  values  of  induced  losses  do  not  dif¬ 
fer  much  vhen  changing  the  dose  rate  at  both 

wavelengths  (Rg.  7.8).  Above  3-5T0®  rads  the 
attenuation  reaches  a  saturation,  independent  of 
the  dose  rate.  In  the  diagram  'Induced  Loss/Dose 
Rate  over  Time'  (Rg.9)  the  curves  measured  for 
the  different  dcjse  rates  coinciide.  but  only  below 
the  'saturation  dose'  You  can  approximately  cal¬ 
culate  the  attenuation  as  a  function  of  the  dose 
for  any  dose  rates  if  you  multiply  the  x-  and  y- 
axis  by  the  interesting  dose  rate  {2].  On  the  other 
hand  measurements  with  -50®C  show,  both  at 
850  nm  and  1300  nm.  a  stronger  dependence  on 
the  dose  rate  during  and  after  gamma  radiation 
than  at  RT  (Tab.  1). 


Tab.1  Induced  Losses  [dB/km]  in  Dependence 
on  DcJse  Rate  and  Temperature 
(Total  Dtjse  10^  rads) 


Dose  Rate 

X 

[nm] 

Temperature 

25*C  -50®C 

1  rad/s 

850 

32.1 

37.2 

1300 

1.2 

5.5 

22  rad/s 

850 

119 

1300 

13.7 
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4.  Pulsed  Electron  Radiation 

The  fibre  was  exposed  to  pulsed  electron  radia¬ 
tion  from  500  rads  to  10®  rads  in  a  20  ns  pulse 
using  a  FEBETRON  705  equipment  with  an  elec¬ 
tron  energy  of  1 . 1  MeV  to  2.3  MeV  (Rg.  1 0).  Again 
radiation  induced  losses  in  dependence  of  the 
temperature,  the  laundied  power  and  the  total 
dose  were  measured. 


4.1  Dose  Dependence 

The  fibre  was  irradiated  with  500  rads.  1  04  rads 

and  10®  rads  at  25“C.  Rg.ll  and  12  show  the 
dose  dependence  of  the  losses  at  850  nm  and 
1300  nm.  The  attenuation  recovers  within  10  s  tor 
approximately  more  than  2  dedmal  places.  This 
means  that  the  attenuation  on  1 300  nm  at  a  dose 
of  500  rads  drops  from  110  dB/km  to  0.1  dB/km 
in  this  time. 


4.2  Temperature  Dependence 

For  an  electron  dose  of  1 0  krads  the  influence  of 
temperature  at  50®C.  25‘’C  and  100“C  was 
measured.  Significant  differences  in  the  recovery 
of  attenuation  become  visible  for  both  wave¬ 
lengths.  Rg.  13  shows  the  curves  at  1300  nm. 
The  increasing  of  attenuation  of  the  1 00*C-curve 

after  1  •  1 0‘^s  is  genuine.  One  reason  for  this  re¬ 
action  could  be  the  conversion  at  high  temperatu¬ 
res  of  short-lived  fault  centres  (colour  centres) 
within  long-lived  ones,  which  leads  to  this  in¬ 
crease  in  attenuation.  You  can  see  the  same  be¬ 
haviour  on  the  recovery  curve  for  the  constant  ray 
treatment  (Rg.4).  where  also  the  100®C  measu¬ 
ring  curve  shows  an  increase  in  attenuation  past 
irradiation. 


4.3  Influence  of  Launched  Power 

At  850  nm  as  well  as  at  1300  nm  the  dependence 
of  radiation  induced  losses  from  the  launched 
power  at  -50*0.  25®C  and  1 00“C  with  doses  of  1 
krads  was  examined.  By  varying  the  launched  po¬ 
wer  between  1  pW  and  about  400  pW  no  influ¬ 
ence  on  the  attenuation  by  Photobleaching  at 
both  wavelengths  was  visible.  Also  at  -50®C  and 
100®C  no  changes  could  be  measured. 


5.  Cable  Constructions 

Especially  for  the  radiation  hardened  multimode 
fibre  different  metal  free  cable  constructions  were 
developed.  Rg.14  shows  a  cable,  designed  for 
mobile  use.  with  high  flexibility,  low  temperature 
dependence  (less  than  0.1  dB/km  increase  of  at¬ 
tenuation  in  the  range  of  -50°C  to  70“C)  and  a 
permissible  tensile  strength  of  2500  N.  For  indoor 
applications  we  use  the  cable  type,  shown  in 
Rg.  1 5.  with  2  to  4  optical  fibres.  The  jacket  of  this 
cable  consists  of  a  halogen  free,  flame  retardent, 
low  smoke  material. 

The  cable  in  Rg.16  was  developed  tor  a  special 
customer,  who  wanted  to  install  a  radiation  re¬ 
sistant  optical  fibre  cable  in  a  hanging  position 
over  1000  m  in  a  storage  for  nuclear  material. 
Therefore  this  cable  was  constructed  for  a  high 
tensile  strength  of  8000  N. 


6.  Summary 

A  radiation  hardened  multimode  fibre  was  exami¬ 
ned  under  steady  state  gamma  and  pulsed  elec¬ 
tron  radiation.  The  influence  of  fibre-independent 
properties  like  wavelength,  launched  power,  tem¬ 
perature.  dose  rate  and  total  dose  were  tested. 

At  1300  nm  the  fibre  shov«  a  good  resistance 
against  radiation.  During  steady  state  irradiation 
the  influence  of  temperature  changes  in  the  range 
between  -50®C  to  100®C.  the  variation  of  laun¬ 
ched  power  between  0.01  uW  and  324  uW  and 
the  dose  rate  from  1  rad/s  to  157  rad/s  on  indu¬ 
ced  losses  is  very  small. 

While  pulsed  radiation  with  varying  launched  po¬ 
wer  no  changes  in  the  befiaviour  of  the  attenua¬ 
tion  occured  However  a  significant  dependence 
of  the  induced  loss  on  the  temperature  was 
measured. 

Cable  types  for  different  applications  were  pre¬ 
sented. 
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Fig.  14  Cable  for  Mobile  Use 
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Fig,  16  Cable  for  High  Tensile  Performance 


International  Wire  &  Cable  Symposium  Proceedings  1992  207 
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ABSTRACT: 

Utilizing  the  External  Photoelastic 
Polarization  Modulation  method,  we  have 
developed  the  optical  cable  identifier  for  several 
types  of  optical  cables.  This  device  can  be  used 
for  distance  of  longer  than  30km. 

INTRODUCTION: 

The  high  demand  for  optical  cables  has 
increased  the  number  of  construction  works  for 
optical  cable  installation,  branching  and  root 
changing.  And  numbers  of  links  are  lapidly 
increasing  in  large  cities  where  several  optlc^ 
cables  are  installed  in  many  of  single  routes. 
However,  because  the  optical  cables  have  moved 
on  of  dielectric,  there  have  been  no  means  to 
correctly  identify  the  optical  cables  and  several 
accidents  have  occurred  each  year  such  as 
cutting  other  optical  cables  Incorrectly.  In  order 
to  eliminate  these  troubles,  the  need  for  an 
optical  cable  identifier  have  been  mounting  high. 
To  meet  this  demand,  we  have  developed  an 
optical  cable  identifier  utilizing  External 
Photoelastic  Polarization  Modulation  (EPPM) 
method. 


the  optical  cable  is  modulated  at  the  work  site. 
This  signal  is  received  in  the  office  2  and  the 
cable  is  recognized  whether  the  objective  cable 
is  or  not.  This  is  the  system  to  identify  the 
optical  cable. 


office  1 


office  2 


F\A. 


stress  multilayered 

4j.  piezo-electric 

/—V  transducer 


signal 


reciever 


IVit 


optical 

cable 


J 


office  1 


l^^'^^signal 

input 

work  site 


c 


analyzer 
office  2 


OCI  METHOD  AND  CONFIGURATION: 

The  optical  cable  identifier  (OCI),  we  have 
developed,  consists  of  a  light  source  which 
emits  the  continuous  wave  light,  polarization 
modulator  utilizing  EPPM,  and  optical  signal 
receiver  which  detects  polarization  modulated 
signal  with  an  analyzer. 

Let  us  assume  a  work  of  optical  cable 
identification  in  the  way  of  a  route  connecting 
two  offices  (Fig.l).  The  light  source  is  installed 
in  office  1,  and  the  receiver  with  a  analyzer  and 
O/E  is  in  the  office  2.  By  applying  an  ultrasonic 
wave  signal  from  outside  of  the  sheath  of  the 
optical  cable  with  the  polarization  modulator, 
the  state  of  polarization  light  passing  through 


Fig  1.  Configuration  of  optical  cable  identification. 


MECHANISM  OF  EPPM: 

Fig.  2  shows  the  mechanism  of  the  EPPM 
method  in  detail.  When  a  stress  signal  is  applied 
into  the  optical  fiber  from  direction  Y  at  the 
signal  applying  point,  a  index  difference  occurs 
between  X  and  Y  axes  of  the  optical  fiber,  the 
photoelastic  effect.  The  index  difference  causes 
a  phase  difference  between  polarization  X  and  Y 
axes  of  the  light  passing  through  the  optical 
fiber.  The  signal  light  which  is  modulated  in 
polarization  phase  and  transmitted  through  the 
optical  fiber  and  passes  through  the  analj^r  at 
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the  receiver  Is  converted  into  the  intensity 
modulated  optical  signal.  This  signal  is  known  to 
vary  proportionate  to  the  strength  of  stress  and 
stress  applying  length  (d)  at  the  signal  applying 
point. 

Y 


(1 


Fig  2.  Schematic  diagram  of  the  EPPM  method 

mechanism  ;  Stress  a  (t)  modulates  the  phase 

difference  ^  ^  between  x  -  y  axis  of  polarization  of 

^  y 


a  light. 

In  order  to  stably  operate  the  OCI,  we  have 
studied:  (1)  technique  to  avoid  sound  noise  and 
cross  talk  which  causes  identification  errors,  (2) 
selecting  of  an  ultrasonic  transducer  to  generate 
larger  photoelastic  effect,  (3)  behavior  of 
ultrasonic  signal  and  influence  of  an  optical  fiber 
position  inside  the  optical  cable. 


CROSS  TALK  AND  SOUND  NOISE: 

Mlsidentification  may  happen  if  ultrasonic 
signal  conducts  to  other  adjoining  cables.  So, 
ultrasonic  signal  cross  talk  between  adjoining 
cables  should  be  small.  However,  it  has  been 
confirmed  that  cross  talk  is  sufficiently  small 
when  ultrasonic  signal  frequency  Is  greater  than 
20kHz.  And  if  frequency  band  of  ultrasonic 
signal  and  frequency  band  of  audible  sound  is 
same,  it  causes  uncomfortable  noise.  Frequency 
bandwidth  of  audible  sound  is  from  several 
hundred  Hz  to  about  15kHz.  So.  it  is  necessary 
to  use  frequency  of  ultrasonic  signal  with  higher 
than  20kHz. 


ULTRASONIC  TRANSDUCER: 

Fig  3  shows  the  frequency  characteristics 
of  various  vibrators  (motor,  voice  coll  and 
multilayered  piezo  electric  transducer),  audible 
sound  noise  and  cross  talk.  However,  the 
frequency  bandwidth  of  signals,  which  are 


Fig3.  Frequency  bandwidth  of  various  vibrators. 

mechanically  generated  by  motor  and  voice  coil, 
exist  in  sound  noise  and  cross  talk  bandwidth. 
So,  we  have  utilized  the  multilayered 
piezoelectric  transducer  that  resonance 
frequency  is  102  kHz.  In  this  transducer,  we  can 
use  frequency  bandwidth  of  lower  than  120kHz 
that  ultrasonic  signal  is  not  absorbed  into  optical 
cable  sheath  (polyethylene  sheath).  It  can 
generate  large  stress  signal  because  PZTs  are 
multilayered  with  about  a  hundred  layers.  And  it 
is  so  useful  to  drive  because  this  transducer  has 
low  Impedance.  Fig  4  shows  frequency 
characteristics  of  multilayered  piezoelectric 
transducer.  Fig  4  shows  that  resonance 
frequency  of  this  transducer  is  around  102  kHz. 


Fig  4.  Frequency  characteristics  of  multilayered 
piezoelectric  transducer. 


OPTICAL  CABLE  STRUCTURES: 

We  used  two  tjrpes  of  optical  cable  in  this 
experiment.  Fig.  5  shows  the  structures  of  cables 
used  in  this  experiment.  TYPE-A  optical  cable 
consists  of  polyethylene  sheath,  8  loose  tubes 
which  has  6  fibers.  FRP  strength  member,  and 
Jelly.  Type-B  optical  cable  consists  of 
polyethylene  sheath,  6-slotted-rod  which  has  4 
pieces  of  2-fiber  ribbons  in  a  slot,  FRP  strength 
member,  and  Jelly.  Both  type-A  zmd  type-B  are 


International  Wire  &  Cable  Symposium  Proceedings  1992  209 


filled  up  with  Jelly  compound.  This  element  of 
jelly  compound  have  great  implications  for 
transmission  of  ultrasonic  signal. 


loose  tube  FRP  strength  menber  slotted  rod 


polyethylene 

sheath 


6  optical  fibers 
2  fiber  ribbons 
I  jelly  compound 


A-tvpe 


B-tvpe 


Fig.5  Optical  cable  structure. 


Both  Fig  6  and  Fig  7  show  the  result  of 
test  that  ultrasonic  sign2il  is  applied  into  optical 
cable  out  of  cable  sheath  from  ^  directions.  Fig 
6  shows  A-type  optical  cable  and  Fig  7  shows  B- 
type  optical  cable.  At  both  Figures,  x  axis  shows 
the  signal  applying  direction  and  y  axis  shows 
the  SN  ratio  at  the  receiver  side.  As  both  types 
of  optical  cables,  directions  of  signal  application 
cause  fluctuations  of  SN  ratio  at  receiver.  This  is 
because  of  difference  between  ultrasonic  signal 
applying  direction  and  position.  So,  it  become 
necessary  to  study  the  way  that  ultrasonic  signal 
is  conveyed  in  the  optical  cable. 


Fig  6.  Relation  between  signal  applying 
direction  and  SN  ratio.  (type-A) 


Ultrasonic  signal  applying 

Fig  7  Relation  between  signal  applying 
direction  and  SN  ratio.  (type-B) 


TRANSMISSION  OP  ULTRASONIC  SIGNAL: 

When  the  way  that  ultrasonic  signal  is 
conveyed  in  the  optical  cable  is  considered, 
reflection  and  attenuation  and  directivity  of 
ultrasonic  signals  are  important.  Let  us  assume  a 
case  that  ultrasonic  signal  passes  through  the 
boundary  surface  which  solid  A  is  contacted  with 
solid  B.  And  solid  B  has  extremely  larger 
acoustic  impedance  than  solid  A.  When 
ultrasonic  signal  inserts  into  solid  B  from  solid 
A,  signal  is  reflected  and  signal  intensity 
decreases.  However,  as  optical  cables  we  used  in 
this  experiment,  all  gaps  are  filled  up  with  jelly 
so  that  acoustic  impedances  are  almost  same 
value.  So,  attenuation  can  be  ignored. 


Fig  S.Transmission  of  ultrasonic  signal 
in  optical  cable. 


But  directivity  of  102  kHz  ultrasonic  signal 
is  not  able  to  ignore.  When  we  would  calculate 
directivity  exponent  of  102kHz  ultrasonic  signal 
from  diameter  of  sound  source  D  and 
wavelength  of  ultrasonic  signal  X,  and  we  had  got 
directivity  exponent  about  0.5.  When  it  is  0.5, 
the  way  of  ultrasonic  signal  transmission  is 
shown  in  Fig  8.  Fig  8  shows  that  It  is  impossible 
to  cover  all  the  cable  by  only  one  transducer 
because  the  diameter  of  sound  source  D  is 
smaller  than  the  diameter  of  optical  cable  d. 
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102kHz  ultrasonic  signal 


♦ 


Fig  9.  Signal  applying  structure. 

So,  we  develop  the  method  to  apply  ultrasonic 
signal  from  three  directions  at  intervals  of  120 
degree.  Fig  9  shows  this  structure.  By  this 
method,  wherever  the  position  of  monitoring 
optical  fiber  is  inside  the  optical  cable,  it 
become  possible  to  identify  at  least  one  signal  in 
the  three  signals  at  the  receiver  side.  However, 
if  all  multilayered  piezoelectric  transducers  are 
driven  at  the  same  time,  the  problem  of 
interaction  may  happen  and  the  fluctuation  of 
ultrasonic  signal  Intensity  occurs  inside  the 
optical  cable.  So,  we  develop  new  technique  as 
shown  in  Fig  10. 


to  define  the  dynamic  range  of  this  OCI  system. 
At  Fig  11,  X  axis  shows  the  driving  voltage  of 
multilayered  piezoelectric  transducer  and  y  axis 
shows  the  SN  ratio  at  the  receiver.  This  figure 
shows  that  receiving  SN  ratio  vary  proportionate 
to  applied  driving  voltage.  And,  in  this  OCI 
system,  it  is  important  to  drive  by  battery.  So, 
we  decide  to  adopt  12V  as  driving  voltage 
because  12V  batteries  are  widely  used. 


Fig  11.  Relation  between  drive  voltage  of  transducer  and 
SN  ratio  at  the  receiver. 

Taking  the  minimum  receiving  optical  level 
into  consideration,  it  is  necessary  to  have  more 
than  25  dB  SN  of  ratio  at  the  receiver  side  in 
order  to  identify  the  receiving  signal.  Fig  12 
shows  that  minimum  receiving  optical  level  is  - 
1 1  dBm. 


Hg  10.  Signal  applying  timing. 

(  A ,  B  ,  C :  transducer ) 

At  Fig  10,  X  axis  shows  drive  timings  of  each 
multilayered  piezoelectric  transducer.  Using  this 
technique  to  drive  each  multilayered 
piezoelectric  transducer  alternately,  we  have 
solved  the  problem  of  interaction  aind  it  is  also 
useful  to  decrease  electrical  power  consumption 


SPECIFICATIONS: 

Fig  1 1  shows  the  relation  between  applied 
driving  voltage  of  multilayered  piezoelectric 
transducer  and  SN  ratio  at  the  receiver.  And,  Fig 
12  shows  the  relation  between  receiving  optical 
level  and  SN  ratio.  These  are  important  factors 


Receiving  optical  level  (dBm) 


Fig  12.  Relation  between  receiving  optical 
level  and  SN  ratio  at  the  receiver. 

(  drive  voltage;  12V  ) 

Our  developed  OCI  system  consists 
of  high  power  light  source  vmit  capable  of 
+  4dBm  output,  receiver  imlt  capable  of 
minimum  receiving  optical  level  -lldBm, 
and  transmission  unit  which  is  able  to 
generate  102kHz  and  24W  ultrasonic 
wave.  In  this  system,  the  dynamic  range 
is  realized  15  dB,  that  shows  the 
possibility  of  long  distance  operation 
more  than  30  km. 
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CONCLUSION: 

We  have  developed  OCI  system  utilizing 
the  external  photoelastic  polarization 
modulation.  Important  developmental  points  are 
described  here  .  (1)  We  have  selected  a 
multilayered  piezoelectric  transducer  which  has 
low  impedance,  high  power  and  useful  shape. 
(2)  A  position  of  an  optical  fiber  in  the  cable 
significantly  affected  for  transmission 
characteristics  of  the  ultrasonic  signal  into  the 
fiber,  we  have  solved  the  problem  by  using  a 
method  to  apply  ultrasonic  signal  from  several 
directions  to  stabilize  the  received  Intensity 
signal  without  influence  of  position  inside  the 
cable  as  shown  in  Flg.9.  (3)  The  problem  of 
cross  talk  and  sound  noise  were  solved  by 
selecting  an  optimal  frequency  around  102kHz 
after  studying  the  relationship  between  the 
signal  frequency  and  cross  talk. 
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Abstract 

An  optical  fiber  cable  is  damaged  by 
various  lateral  pressures.  Then  it  is 
required  to  detect  the  location  and  degree 
of  damage  and  to  repair  the  cable  immedi¬ 
ately. 

A  new  optical  cable  with  lateral 
pressure  sensor  has  been  developed.  It 
was  found  that  the  location  of  the  cable 
deformation  of  20%  or  more  could  be  de¬ 
tected  by  measuring  the  bending  loss  of 
the  optical  fiber  by  optical  time  domain 
ref lectmeter . 

It  is  also  found  that  the  optical 
cable  with  lateral  pressure  sensor  is 
expected  to  be  applied  in  various  optical 
composite  cables. 


1.  Introduction 

The  optical  cable  is  damaged  by  vari¬ 
ous  lateral  pressures.  For  example,  the 
following  situations  may  be  supposed. 

•The  conduit  cable  is  crushed  when  the 
conduit  is  destroyed. 

•The  direct  buried  cable  is  crushed  when 
the  land  rises  or  sinks. 

•The  underwater  cable  is  hooked  by  fish¬ 
ing  net  or  anchor. 

If  the  optical  cable  is  heavily  dam¬ 
aged,  it  must  be  Immediately  repaired. 
Therefore,  from  the  viewpoint  of  mainte¬ 
nance  of  the  cable  line,  it  is  Important 
to  detect  the  location  and  degree  of  the 
damage  easily. 

By  making  the  optical  cable  easy  to 
increase  the  loss  structurally  for  the  ca¬ 
ble  deformation  caused  by  such  a  damage, 
it  may  be  possible  to  detect  the  location 
and  degree  of  the  damage  by  measuring  the 
optical  fiber  loss  by  the  optical  time  do¬ 
main  ref lectmeter .  Accordingly,  two  types 
of  optical  cables  incorporating  sensing 
optical  fibers  and  optical  communication 
fibers  were  fabricated,  and  the  perform¬ 


ance  of  the  sensing  optical  fiber  and 
effects  of  the  cable  deformation  on  the 
optical  communication  fibers  were 
investigated . 

These  optical  cables  with  lateral 
pressure  sensors  may  be  applied  in 
detection  of  the  damage  of  not  only  the 
optical  cables  for  communication  but  also 
the  main  body  cable  of  optical  composite 
cable . 


2.  Cable  structure 

Two  types  of  optical  cables  and  opti¬ 
cal  fibers  were  compared  in  order  to 
investigate  the  effects  of  the  cable 
structure.  The  cross-sectional  struc¬ 
tures  of  the  optical  cables  are  shown  in 
Fig. 1. 

2.1  Optical  fiber 

As  the  sensing  optical  fiber,  a 
50/125  graded-index  fiber  and  a 
single-mode  fiber  for  1.3  ju  m  band  were 
compared  in  the  detection  sensitivity. 

As  the  optical  communication  fiber. 
Nylon  jacketed  50/125  graded-index  fiber 
was  used,  and  the  effect  of  cable 
deformation  on  it  was  also  investigated. 

2.2  Optical  cable  type  A 

In  this  structure,  the  sensing  opti¬ 
cal  unit  and  the  optical  communication 
fiber  are  accommodated  in  slots.  The 
groove  depth  is  2mm.  In  order  to  make  the 
sensing  optical  unit  more  susceptible  to 
the  stress  of  cable  deformation  than  the 
optical  communication  fiber,  it  is 
composed  of  0.25mm  0  coated  fibers 
stranded  around  a  central  core  and 
sheathed  with  a  thick  wall  to  extend  the 
outer  diameter. 

The  graded-index  fiber  for 
communication  was  put  in  the  adjacent 
slot . 

The  number  and  configuration  of  the 
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steel  strand  wire 
Slotted  core 

Optical  fiber  for  coauiunication 
(O.9mi0  Ny  jacketed  fiber) 

Sheath  (O.D.  :  20iiiiii) 


O.25IBB0  UV-coated  fiber 
Single-node  fiber  or 
Graded-index  fiber 
Plastic  tape 

Sheath  (O.D.  :  2m) 


Sensing  optical  unit 


(a)  Type  A 


Steei  wire 
Slotted  core 

Optical  fiber  for  conmunication 
(O.9m0  Ny  jacketed  fiber) 
Inner  sheath 
Sensing  optical  fiber 
Single-mode  fiber  or 
Graded-index  fiber 
(O.9nn0  Ny  jacketed  fiber) 
Plastic  string 
Outer  sheath  (O.D.  :  20m) 


(b)  TypeB 

Fig.l  Cross-sectional  structure  of  optical  cable 


sensing  units  are  limited  by  the  number  of 
slots  and  the  optical  communication 
f ibers . 


2.3  Optical  cable  type  B 

The  optical  communication  fibers  are 
incorporated  in  the  optical  communication 
unit.  It  is  disposed  in  the  inner  layer 
that  is  less  affected  by  the  cable  defoi — 
mation.  While  the  sensing  optical  fibers 
are  stranded  in  layers  with  plastic 
strings  around  it. 

The  sensing  optical  fiber  is  jacketed 
by  Nylon  with  0.9mm  0  outer  diameter. 
The  diameter  of  the  plastic  string  is 
1 . 25mm  0 . 

This  structure  is  free  of  designing 
because  the  number  and  configuration  of 
the  sensing  optical  fiber  are  not 
dependent  on  the  dimension  and  structure 
of  the  optical  communication  unit. 


3.  Test  and  result 
3 . 1  Test  method 

The  optical  cable  was  compressed  with 
a  flat  plate  of  50mm  width  at  a 
compression  rate  of  Imm/min..  The 
deformation  amount  of  optical  cable, 
compression  load,  and  loss  increase  of 
optical  fiber  were  measured.  The  loss  in¬ 
crease  was  measured  by  using  LED  and  power 
meter  at  the  wavelength  of  1 . 3  m  and 
1.55  fi  m  for  the  50/125  graded-index  fiber 
and  the  single-mode  fiber,  respectively. 

It  was  investigated  that  the  shift  of 
the  relative  position  of  the  sensing 
optical  fiber  and  the  compression  direc¬ 
tion  influenced  on  the  detection 
performance . 

The  optical  fibers  were  Jointed  as 
follows . 

Type  A  :  single-mode  fibers  and 
graded-index  fibers  in  a  sensing  optical 
unit  were  formed  in  two-core  loop, 
respectively. 


Table  1  TEST  RESULTS 


Optical 

cable  type-A 

Optical 

cable  type-B 

Sensing  opticai 
fiber 

Optical  coawni- 
cation  fiber 

Sensing  optical 
fiber 

Opticai  co«ni- 
cation  fiber 

SM  fiber 

GI  fiber 

GI  fiber 

SM  fiber 

GI  fiber 

GI  fiber 

Cable  defonation 
at  starting 
loss  increase 

i2  X 

13  X 

21  X 

17  X 

16  X 

22  X 

Loss  increase 

20X  DefonKd 
(Max.) 

0.7  dB 

1.3  dB 

0  dB 

0.6  dB 

0.3  dB 

0  dB 

25X  Deforaed 
(Max.) 

2.1  dB 

2.4  dB 
_ 

0.1  dB 

4.4  dB 

0.9  dB 

— 

0.03  dB 

After  renving 
iaterai  pre¬ 
ssure 

0  dB 

0  dB 

0  dB 

0  dB 

0  dB 

0  dB 
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CABLE  DEFORMATION  (*) 

Fig. 2  Optical  cable  deformation  by  lateral  pressure 


Type  B  ;  single-mode  fibers  and 
graded-index  fibers  were  disposed  at  the 
diagonal  positions  in  the  sectional  area 
and  formed  in  two-core  loop,  respectively. 

3.2  Result 

The  results  of  measurements  of  loss 
increases  of  optical  fibers  are  summarized 
in  Table  1 . 

Fig. 2  shows  the  optical  cable  defor¬ 
mations  with  lateral  pressure. 

Loss  Increases  of  the  sensing  optical 
fibers  in  optical  cable  type  A  and  type  B 
are  shown  in  Figs. 3  and  4,  respectively. 

Type  A  requires  a  relatively  larger 
compressive  load  at  a  same  cable 
deformation. 

The  cable  deformation  at  which  the 
loss  of  the  sensing  optical  fiber  began  to 
increase  was  smaller  in  optical  cable  type 
A. 

The  loss  of  the  optical  cable  type  A 
slowly  increased  with  respect  to  the  cable 
deformation.  While  the  loss  of  optical 
cable  type  B  abruptly  increased  over  the 
deformation  of  about  20%  or  more,  and  was 
greater  than  type  A  over  the  deformation 
of  25%. 

In  the  single-mode  fiber,  when 
compressed  directly,  the  loss  increase  is 
large,  but  when  compressed  obliquely, 
the  loss  increase  was  small.  It  shows 
the  great  dependence  on  the  direction  of 
compression. 

In  the  graded-index  fiber,  whether 
compressed  directly  or  obliquely,  the 
difference  of  loss  increase  was 
relatively  small.  It  shows  that  the 
dependence  on  the  direction  of  compression 
is  small. 


0  10  20  30  40 

CABLE  DEFORMATION  (X) 

Fig. 3  Loss  increase  of  optical  cable  type  A 


0  10  20  30  40 

CABLE  DEFORMATION  (X) 

Fig. 4  Loss  increase  of  optical  cable  type  B 


0  10  20  30  40 

CABLE  DEFORMATION  (X) 

Fig. 5  Loss  increase  of  optical  communication  fiber 
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The 

cable  deformation  at 

which  the 

loss  of 

the 

optical  communication 

f  iber 

began  to 

increase  was 

similar 

on 

both 

cables . 

The 

loss 

increase 

of  the  optical 

communication 

fiber  was 

slight , 

as 

shown 

in  Fig. 5 . 

In 

both 

optical 

cables 

and 

both 

optical 

fibers  for 

sensing 

and 

for 

communication , 

the  residual  losses 

after 

removing 

the 

lateral 

load 

were 

not 

observed . 

These  results  are  summarized  as 
follows : 

In  the  combination  of  cable  type  A 
and  graded-index  fiber,  a  moderate  loss 
increase  occurs  at  the  cable  deformation 
amount  of  about  12%  or  more.  And  the 
dependence  of  the  sensitivity  on  the 
direction  of  compression  is  small.  There¬ 
fore,  it  is  easy  to  estimate  the  cabie 
deformation  from  the  loss  increase  amount. 

In  the  combination  of  optical  cable 
type  B  and  single-mode  fiber,  a  loss 
increase  suddenly  occurs  above 
deformation  amount  of  20%.  It  shows  that 
the  detection  sensitivity  is  high. 
However,  since  the  dependence  of  the 
sensitivity  on  the  direction  of 
compression  is  large,  it  is  necessary  to 
optimize  the  number  of  sensing  optical  fi¬ 
bers.  It  was  thought  that  at  least  four 
fibers  should  be  disposed  at  45-degree 
intervals . 

It  was  thought  that  the  cable 
deformation  of  about  20%  or  more  can  be 
detected  by  using  the  optical  time  domain 
reflectmeter  in  both  cable  types. 

4.  Application 

The  optical  cable  with  lateral 
pressure  sensor  may  be  used  either  alone 
or  in  combination  with  other  cables  so  as 
to  monitor  the  cable  deformation  by  the 
lateral  pressure.  For  example,  when  the 
submarine  power  cable  is  combined  with 
this  optical  cable  with  lateral  pressure 
sensor,  it  may  be  very  useful  for 
monitoring  the  power  cable  which  has  a 
high  risk  of  being  damaged  by  fishing  net 
or  anchor.  In  this  case,  the  optical 
cable  with  the  sensor  may  be  composed  of 
the  optical  communication  fiber. 

Accordingly,  the  submarine  power 
cable  was  combined  with  the  optical  cable 
with  lateral  pressure,  and  the  detection 
performance  of  lateral  pressure 
deformation  was  investigated. 


Cable  O.D.  16Om0 

Fig. 6  Optical  composite  power  cable 


4.1  Composite  cable  structure 

The  cross-sectional  structure  of  the 
composite  cable  is  shown  in  Fig. 6.  The 
optical  cable  with  lateral  pressure 
sensor  was  covered  with  1.5mm  thick  lead 
in  order  to  be  water-proofed.  Each  one  of 
the  optical  cables  was  stranded  at  three 
outside  gaps  of  the  power  cable  that  was 
composed  of  three  insulated  conductors  of 
60mm  in  outside  diameter.  The  outside 
diameter  of  the  composite  cable  was  160mm. 

4.2  Test  method 

While  compressing  the  composite  cable 
with  a  flat  plate  of  200mm  width,  the 
deformation  amount  of  the  composite  cable, 
compressive  load  and  loss  ii, creases  of 
optical  fibers  were  measured.  At  this 
time,  the  detection  performance  was 
Investigated  by  compressing  while  shifting 
the  compressing  direction  of  the  composite 
cable . 

The  losses  of  three  optical  cables 
inserted  in  the  gaps  were  individually 
measured . 


Fig. 7  Coiposite  cable  deforiation  by  lateral  pressure 
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4.3  Result 

The  relation  between  the  compression 
load  and  the  composite  cable  deformation 
is  shown  in  Fig. 7.  The  composite  cable 
deformation  was  nearly  proportional  to  the 
compression  load,  and  was  about  25%  at  18 
ton/200mm . 

The  loss  increase  was  observed 
typically  in  one  of  the  three  optical  ca¬ 
bles  at  one  compression  test.  The  loss 
increase  of  the  other  optical  cables  were 
very  slight  or  none.  It  suggests  a  great 
dependence  on  the  relative  positions  of 
the  compression  direction  and  the  optical 
cables  in  the  composite  cable.  Therefore, 
the  most  loss  increase  among  them  was 
plotted  in  a  figure  as  the  result  of  one 
compression . 

Figs. 8  and  9  show  the  results  of  the 
composite  cable  combined  with  the  optical 
cable  type  A.  In  the  single-mode  fiber, 
large  loss  increases  sometimes  occurred, 
but  those  were  small  in  most  cases.  On 
the  other  hand,  the  fluctuations  of  loss 
Increases  of  graded-index  fibers  were 
relatively  small.  These  results  show  the 
difference  in  the  dependence  on  the 
compi'esslon  direction  between  the  optical 
fibers . 

Figs. 10  and  11  show  the  result  of 
the  composite  cable  combined  with  the  op¬ 
tical  cable  type  B.  The  loss  increase  of 
single-mode  fiber  was  sharp  over  the 
deformation  of  about  20%.  On  the  other 
hand,  the  loss  increase  of  the 
graded-index  fiber  was  smaller  than  that 
of  the  single-mode  fiber,  but 
fluctuations  due  to  repetition  were 
smaller.  This  result  also  seemed  to  be 
due  to  the  difference  in  the  dependence  on 
the  compression  direction. 


Fig. 9  Loss  increase  of  graded-index  fiber 
in  optical  cable  type  A 


Fig. 10  Loss  increase  of  single-iode  fiber 
in  optical  cable  type  B 


Fig. 8  Loss  increase  of  single-node  fiber 
in  optical  cable  type  A 


Fig. 11  Loss  increase  of  graded-index  fiber 
in  optical  cable  type  B 
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CABLE  DEFORMATION  (X) 

Fig. 12  Loss  increase  of  graded- index  conmunication 
fiber  in  optical  cable  type  B 

It  was  found  that  the  detection 
sensitivity  of  the  optical  cable  type  B  is 
higher  than  that  of  type  A. 

The  composite  cable  deformation  at 
which  the  loss  of  the  optical  cable  type  A 
began  to  increase  was  smaller  than  the 
case  of  type  B. 

The  result  of  optical  communication 
fiber  is  shown  in  Fig.  12.  Loss  increase 
was  not  observed  at  the  deformation  of 
less  than  25%  in  type  A.  In  type  B,  it 
was  observed  in  most  cases  at  deformation 
of  20%.  There  were  no  residual  losses 
after  removal  of  lateral  pressure  in  both 
optical  fibers  for  sensing  and  for 
communication. 


5.  Conclusion 

The  following  conclusions  were 
obtained . 

In  the  combination  of  the  optical 
cable  type  B  and  the  single-mode  fiber  for 
1 . 3  ju  m  band,  when  the  loss  was  measured 
at  wavelength  of  1.55  m,  a  sharp  loss 
increase  took  place  at  the  cable 
deformation  of  about  20%  or  more,  which 
shows  that  the  detection  sensitivity  is 
large.  However,  since  the  dependence  on 
the  direction  of  compression  is  large,  it 
is  necessary  to  optimize  the  number  of  the 
sensing  optical  fibers. 

In  the  combination  of  the  optical 
cable  type  A  and  the  graded-lndex  fiber,  a 
moderate  loss  increase  occurred  above  at 
the  cable  deformation  of  13%,  and  since 
the  dependence  on  the  direction  of 
compression  is  relatively  small,  it  seems 


to  be  easy  to  estimate  the  cable 
deformation  amount  from  the  loss  increase. 

Effects  of  optical  cable  deformation 
on  optical  communication  fibers  were 
slight . 

The  optical  cable  with  lateral 
pressure  sensor  may  be  used  not  only  alone 
as  communication  cable,  but  also  in 
combination  with  other  cable  for  the 
purpose  of  monitoring  of  the  composite 
cab] e . 
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ABSTRACT 

For  a  more  reliable  and  cost-effective  configuration  man¬ 
agement  system  for  line  facilities,  we  propose  using  a  new 
fiber  identification  (ID)  module  instead  of  the  previously 
proposed  EEPROM  module.  The  new  module  consists  of  a 
matrix  of  resistors  and  switching  diodes  packaged  into  a  two- 
pin  single-in-line  circuit  device.  The  combination  of  two 
resistors  is  used  as  identification  information,  which  is  read  by 
measuring  forward  and  backward  circuit  impedances  and 
calculating  the  value  of  each  resistor.  This  method  increases 
reliability  by  reducing  the  number  of  terminals  required  to 
one-third  the  number  needed  for  the  previous  modules.  A  host 
computer  and  dedicated  data  transmitters  for  the  new  ID 
modules  make  up  a  data  network  and  provide  a  reliable  system 
module  for  managing  network  configuration.  This  manage¬ 
ment  system  module  has  a  real-time  data  updating  capability, 
which  will  contribute  to  realization  of  an  integrated  cable 
network  operation  system  in  the  near  future. 

1.  INTRODUCTION 

To  supply  speedy,  economical  and  reliable  optical  fiber 
communication  services  in  the  near  future,  a  new  integrated 
cable  network  operation  system  is  required.*’^  The  principal 
reason  such  a  system  needed  is  that  recovery  from  cable  faults 
takes  longer  in  optical  fiber  networks  than  in  metallic  net¬ 
works,  and  the  fault  affects  service  quality  much  more  because 
of  the  huge  transmission  capacity  of  a  line.  Another  major 
reason  is  that  the  multi-dropping  wiring  used  in  metallic  cables 
to  effectively  function  with  a  limited  number  of  twisted  pairs  is 
impossible  in  optical  networks.  Therefore,  a  line  switching 
system  for  the  optical  network  that  operates  in  close  coopera¬ 
tion  with  a  correct  configuration  database  is  needed.  Such  a 
system  is  important  in  achieving  effective  use  of  cable  infra¬ 
structure  and  quick  response  to  service  order  requests. 

The  integrated  cable  network  operation  system  under  consider¬ 
ation  will  include  automated  and/or  remote  control  functions 

for  line  test  surveillance,^  fiber  switching,*  and  management  of 
line  configuration.^  To  effectively  and  reliably  operate  this 
integrated  system,  a  highly  reliable  database  is  strongly  re¬ 


quired  and  a  dedicated  transmission  network  for  transmission 
of  operation  signals  or  data  among  system  modules  is  also  re¬ 
quired.  In  this  paper,  a  real-time  configuration  management 
system  module  for  attaining  such  a  reliable  database  and  dedi¬ 
cated  transmission  network  are  discussed.  This  management 
system  has  two  key  components.  ID  modules  attached  to  fiber 
connectors  and  a  data  transmitter  called  LCTR.  For  the  ID 
module,  taking  device  reliability  into  account  for  practical  use, 
a  new  ID  module  is  proposed  for  use  as  the  ID  modules  instead 
of  the  previously  proposed  EEPROM  ID  module.*  Actual 
fabrication  results  of  the  new  ID  modules  are  described.  LCTR 
transmits  ID  data  to  an  operation  center,  and  the  data  or  control 
signals  required  by  other  cable  network  operation  modules. 
This  paper  explains  the  basic  concept  of  the  integrated  opera¬ 
tion  system  and  the  behavior  of  the  data  transmission  network 
within  the  system. 

2.  CONCEPT  OF  A  UNE  OPERATION  SYSTEM 

A  block  diagram  of  the  new  cable  network  operation  system 
is  shown  in  Fig.  1.  The  system  consists  of  five  system  modules: 
a  fiber  test  and  surveillance  system,  fiber  switching  system, 
line  configuration  management  system  with  data  coitununica- 
tion  network,  shared  database,  and  supervisory  operation  plat¬ 
form  with  external  communication  function.  The  platform  can 
supervise  other  system  modules,  which  normally  do  their  own 
tasks.  For  example,  the  test/surveillance  system  module  does 
periodical  tests  on  optical  fibers  under  service  and  the  configu¬ 
ration  management  system  gathers  fiber  concatenation  informa¬ 
tion  using  the  data  communication  network  to  reflect  the  cur¬ 
rent  configurations  in  the  shared  database.  When  an  emergen¬ 
cy  or  a  service  order  occurs,  an  operator  can  interrupt  the  regu¬ 
lar  tasks.  An  example  of  how  this  integrated  system  behaves 
when  a  cable  fault  occurs  is  described  below. 

First,  the  platform  commands  the  switching  system  module  to 
switch  faulty  fibers  to  alternate  fibers  so  as  to  minimize  the 
line  fault  term.  The  alternative  fiber  routing  is  determined  in 
advance  according  to  line  configuration  information  in  the 
database.  Then,  the  switching  command  is  transmitted  to 
switching  equipment  using  the  communication  network  of 
local  controllers  (LCTR),  which  arc  data  transmitters  in  the 
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Fig.l  Basic  configuration  of  an  integrated  cable  network  operation  system 


configuration  management  system.  Afterwards,  the  platform 
commands  a  test  and  surveillance  module  to  detect  the  cable 
fault  location.  According  to  the  test  results,  the  platform  can 
send  a  cable  repair  order  to  a  maintenance  center.  The  faulty 
cable  repair  can  be  done  at  a  suitable  time.  Thus,  the  integrat¬ 
ed  cable  network  operation  system  proviaes  speedy  cotrununi- 
cation  recovery  from  cable  faults  and  effective,  economical 
repair  plarming. 

This  system  requires  reliable  line  configuration  management. 
The  line  configuration  databases  of  traditional  metal  networks 
are  updated  by  manual  keyboard  operation,  resulting  in  consid¬ 
erable  updating  delays  with  many  errors  that  inevitably  slow 
the  response  to  customer  requests.  This  fact  severely  restricts 
the  realization  of  the  integrated  cable  network  operation  sys¬ 
tem. 

To  avoid  these  defects  of  the  conventional  databases  and  to 
construct  a  reliable  database,  at  the  last  symposium  we  pro¬ 
posed  a  novel  line  configuration  management  system  with  a 
real-time  updating  capability  for  fiber  concatenation.  The  key 
components  of  the  management  system  module  are  an  ID 
module  attached  to  an  optical  fiber  connector  and  a  local  con- 
trollcr(LCTR)  that  serves  as  an  ID  data  transmitter.  LCTRs 
construct  the  data  communication  network.  Physical  line 
configuration  or  fiber  concatenation,  information  is  obtained  by 
reading  ID  information  from  the  ID  modules  of  connected  fiber 
pairs  and  by  transmitting  that  information  to  the  operation 
center  over  the  LCTR  network.  A  host  computer  in  the  config¬ 
uration  management  module  at  the  center  can  get  the  current 
fiber  concatenation  conditions  and  update  the  configuration 
database  in  real-time  if  connection  changes  are  detected.  The 


LCTR  network  controlled  by  the  configuration  management 
system  can  also  bidirectionally  transmit  control  signals  or  the 
data  required  in  other  system  modules  in  the  same  way  as  for 
ID  information.  The  key  components  of  the  configuration 
management  system  are  described  in  detail  below. 

3.  ID  MODULES  FOR  OPTICAL  CONNECTORS 

There  are  two  types  of  optical  connectors  in  optical  fiber 
networks.  SC  coimectors  interface  optical  fibers  to  communica¬ 
tion  equipment  and  are  used  indoors.  MT  connectors  are  used 
to  join  two  optical  fibers  or  optical  fiber  ribbons  and  are 
mainly  used  in  fiber  closures  installed  in  the  field.  To  cope 
with  harsh  physical  conditions  in  the  field,  highly  reliable 
physical  characteristics  arc  required,  especially  for  the  MT 
connectors.  We  call  an  SC  connector  with  an  ID  module  an 
SC-ID  and  an  MT  coimcctor  with  an  ID  module  an  MT-ID  in 

the  following. 

Most  errors  in  line  configuration  databases  of  metal  networks 
are  related  to  concatenation  information  at  distribution  frames 
and  frcc-acccss  closures.  Thus,  ID  modules  should  be  installed 
in  those  parts.  At  least  8,000  ID  codes  arc  required  for  use  in 
one  fiber  terminated  module  (FTM)  at  a  telephone  center,  but 
about  one  hundred  is  sufficient  for  one  closure  for  fiber  access 
because  of  the  low  count  distribution  cable  using  multi-fiber 
ribbon.  Therefore,  required  specifications  of  SC-ID  and  MT- 
ID  differ;  SC-ID  needs  more  memory  than  MT-ID,  and  MT- 
ID  needs  more  reliable  physical  characteristics  than  SC-ID. 
The  ID  module  previously  proposed  consists  of  an  EEPROM 
(Electrically  Erasable  and  Programmable  Rcad-Only-Mcmo- 
ry)  chip  with  a  memory  capacity  of  from  1  kbits  to  16  kbits. 
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TYPE  (a)  TYPE(b')  TYPE(c) 

Fig.2  Three  types  of  resistor  and  diode  matrix  ID  modules 


The  reliability  of  the  CMOS  EEPROM  itself  is  high,  for 
example,  several  tenths  of  FIT  or  less  in  operation.  However, 
the  EEPROM  requires  four  or  more  terminals,  which  indirectly 
affects  ID  module  relijbility.  Soldering  or  poor  contact  faults 
increase  with  the  number  of  terminals. 

A  new  ID  module  with  fewer  terminals  is  investigated,  espe¬ 
cially  for  MT-ID.  Here,  unique  resistor  values  are  substituted 
for  ID  codes.  The  basic  circuit  types  of  this  new  ID  module  are 
shown  in  Fig.  2.  Each  type  has  only  two  terminals,  one  third 
the  number  of  the  previously  reported  EEPROM  ID  module. 
Type  (a)  in  Fig.  2  consists  of  a  single  resistor,  type  (b)  has  twi 
resistors  and  two  diodes,  type  (b')  has  two  resistors  and  one 
diode  and  type  (c)  has  2n  resistors  and  2n  diodes.  Type  (a) 
requires  a  resistor  value  for  each  desired  ID  code  number.  This 
is  a  disadvantage  because  too  many  kinds  of  resistors  are 
needed. 


Fig.3  A  resistance  measurement  circuit 


Fig.4  Block  diagram  for  actual  measurement  of  multiple  ID 
module  recognition 


For  type  (b),  the  combination  of  the  two  resistors  ( rj  and  r^ )  is 
the  ID  code.  Using  N  values  of  resistors  allows  combina¬ 
tions.  The  number  of  combinations  corresponds  to  the  required 
number  of  ID  codes  and  the  number  of  required  resistor  values 
is  the  square  root  of  the  number  of  ID  codes  required.  For 
example,  16  resistor  values  are  necessary  and  sufficient  for  256 
ID  codes.  Two  measurements  are  needed  to  read  the  two  resis¬ 
tor  values  through  two  external  terminals.  Type  (b')  aims  at 
higher  reliability  and  lower  cost  than  type  (b).  The  resistor 
measuring  setup  of  (b')  is  shown  in  Fig.  3.  The  resistor  values 
can  be  estimated  by  applying  forward  and  backward  voltages 
(+E  and  -E)  to  the  terminals  (v,  and  v^)  and  b,  measuring  the 
voltage  difference  between  them  as  follows. 


'',iVdv2> 

^2  =  ('',d,2-vv,d^,,)Ro/(d,,d^2), 
where. 


‘^vrE-v,,  d^2=-E-v^  ,  vv,=v^-V_ , 


(1) 

(2) 


R^  denotes  power  source  resistance,  and  denotes  diode 
forward  voltage  drop.  An  empirical  formula  about  of  a 
1SS352  silicon  switching  diode  is 


V,  =  0.1031og,„((-E-v,)/RjH  0.94+a(T-25).  (3) 

where,  a  is  the  temperature  coefficient,  -2.2x10  ’  V/degree, 
and  T  is  device  temperature  in  degrees  centigrade. 


The  type  (c)  module  is  the  same  as  type  (b),  but  with  zener 
diodes  and  resistors  added.  N  resistor  values  allows  N^" 
combinations,  where  2n  is  the  number  of  resistors  in  the 
module.  This  method  requires  2n  diodes,  2n  measurements  for 
2n  values  of  applied  voltages.  For  example,  when  n=4,  eight 
resistors,  two  diodes  and  six  zener  diodes  are  installed  in  the  ID 
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Fig.5  A  recognizable  area  for  E  24  series  resistor  combinations 
5El.  5  E2.  5v1,  5v2:bit  error  1  LSB 
5R]  =5R2  =  5  R  q  =5Rjm=0.01 
RO  =1  kQ,  Ron=500  Q 
r 1 ,  r2  ;  E  24  sar  ies  ^ 


module,  and  only  two  resistor  values  are  needed  to  attain  256 
combination.  However,  considering  the  measurement  error 
generated  by  the  variance  in  zener  diode  V-1  characteristics, 
the  need  for  2n  measurements  and  the  increased  number  of 
parts,  type  (c)  is  not  necessarily  better  than  type  (b)  or  (b)'. 
Type  (b’)  is  employed  as  the  prototype  ID  module  circuit. 

The  block  diagram  for  actual  measurements  is  shown  in  Fig.  4. 
The  measuring  equipment  block  can  be  installed  in  the  LCTR. 
An  analog  multiplexer  is  employed  to  select  the  ID  module 
under  measurement  in  a  printed  circuit  board  (ID-PCB),  where 
many  connectors  with  ID  modules  are  attached.  The  measure¬ 
ment  voltage  is  applied  to  the  ID  module  terminals  by  a  D-A 
converter  through  reference  source  resistance  R  and  the  multi¬ 
plexer,  and  voltage  differences  between  ID  module  terminals 
are  measured  by  an  A-D  converter.  Two  measurements  with 
opposite  voltage  polarity  are  done.  The  multiplexer  and  the 
converters  are  fully  controlled  by  a  micro-controller  (MCI') 
which  recognizes  ID  codes  after  calculating  resistor  values  and 
finding  ID  codes  from  an  assignment  table  of  ID  codes  and 
resistor  values.  By  recognizing  the  ID  codes  of  consecutive 
ports  on  the  ID-PCB,  connector  concatenation  is  detected. 
LCTR  can  transmit  connected  pair  information,  i.e.,  line  con¬ 
figuration  information  to  the  host  computer  of  the  configura¬ 
tion  management  system. 


Fig.6  Prototype  MT-ID  connectors 


Fig.7  Prototype  ID-PCB  for  20  pairs  of  MT-ID 


The  actual  limit  number  of  the  number  of  type  (b’)  ID  modules 
that  can  be  recognized  is  evaluated.  The  limit  is  determined  by 
resistance  tolerance,  converter  enor,  on-resistance  of  analog 
multiplexer,  and  A-D  converter  resolution.  Measurement  error 
of  rj  and  r^  are  given  by 


'•fE'’"'- 


'  <5Rof.'  •  (5ri'-(5r.j' 

dri 


where,  6E,,  6E2,  6Vj,  are  the  maximum  measurement 
errors  of  an  A-D  converter,  6r,,,  hr^j,  6Vj,  6R^^  are  the 
maximum  errors  of  resistors,  rj,  r^,  R^,  and  6R^  is  the  maxi¬ 
mum  on-resistance  error  of  the  analog  multiplexers. 

When  the  measured  resistances  are  sorted  in  ascending  order  as 
'■ilM*^t,[2]<r,[3]<....,  and  r2[ll<r2(2]<r2[3)<....,  the  recognition 
conditions  are  given  by 

r.(i-lj  +  6r.[i-l  1  <  r.[i]  -  6r.[i|  (6) 
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fjli]  +  6rj[*]  <  Tjli+l]  +  6rj[i+l]  (7) 

where  j=l  for  Tj  and  j=2  for  r^.  Calculated  results  are  shown  in 
Fig.  5,  where  all  of  the  E  24  series  are  employed.  The  E  24 
series  is  composed  of  rounded  values  of  the  theoretical  num¬ 
bers  10"^“  in  which  the  exponent  m  is  a  whole  positive  or 
negative  integer  as  defined  in  lEC  63.  Examples  of  actual 
resistor  values  of  the  E  24  series  are  1.0  k,  1.1  k,  1.2  k,  1.3  k, 
1.5  k,...,  6.8  k,  7.5  k,  8.2  k,  9.1  k,  10.0  k  ohms  for  resistor 
values  from  1  k-ohms  to  10  k-ohms.  In  the  calculation,  resist¬ 
ance  tolerance  is  1  %.  To  keep  the  enor  at  1  %  for  multiplexer 
on-resistance,  each  on-resistance  must  be  calibrated.  There¬ 
fore,  an  EEPROM  for  calibration  should  be  installed  on  the 
ID-PCB,  in  which  the  calibrated  on-resistance  values  for  each 
channel  are  stored.  According  to  Fig.  5,  where  the  resistors 
range  from  100  ohms  to  100  k-ohms,  about  2,500  resistor 
combinations  can  be  recognized  by  using  an  A-D  converter 
with  12-bit  resolution.  The  calculated  recognition  number  is 
enough  for  MT-ID,  however,  improvement  is  desired  for 
large-scale  application  to  SC-ID. 

4.  MT-ID  EXPERIMENTAL  RESULTS 

Prototype  MT-ID  connectors  arc  fabricated,  in  which  the  rc- 
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MEAN  VALUE  (b)MT-ID  CONNECTOR 
0.  30  dB  at  1.  3  am  WAVELENGTH 
I 


CONNECTION  LOSS  (dB) 

Fig.9  A  connection  loss  histogram  change  caused  by  attach¬ 
ing  ID  modules  to  MT  connectors 

sistor  range  is  from  13  k-ohms  to  24  k-ohms  of  the  E  24  series 
and  1%  tolerance.  A  photograph  of  the  MT-ID  connector  is 
shown  in  Fig.  6  and  photograph  of  the  ID-PCB  is  shown  in 
Fig.  7.  The  resistor  combination  numbers  49,  which  corre¬ 
sponds  to  the  number  of  IDs.  Measured  r,  and  r^  values  are 
shown  in  Fig.  8.  The  estimated  cnors  arc  -0.4  to  +1.0  %  for  rj 
and  -1.8  to  +2.1  %  for  r^.  In  the  E  24  series,  the  normalized 
resistor  values  that  arc  nearest  each  other  are  1.5  and  1.6  (15  k- 
ohms  and  16  k-ohms  for  prototype  ID  modules),  where  there  is 
a  3.2  %  difference  in  resistor  values.  The  absolute  errors  in 
experimental  results  are  sufficiently  less  than  3.2  %.  Therefore, 
100  %  recognition  of  resistor  combinations  is  attained. 
Changes  in  optical  loss  of  connectors  before  and  after  attaching 
the  ID  modules  are  also  measured  (Fig.  9).  The  mean  connec¬ 
tion  loss  does  not  changed  at  all. 

5.  LCX^AL  CX)NTROLLER  (LCTR) 

ID  information  is  transmitted  using  an  LCTR  network.  A 
block  diagram  of  the  LCTR  is  shown  in  Fig.  10.  The  LCTR  has 
an  optical  bidirectional  communication  port,  ID  module  inter¬ 
face,  RS-232C  serial  communication  interface  and  sensor 
coupling  interface.  The  LCTR  uses  these  interface  ports  for 
four  functions: 

(1)  ID  code  recognition 

(2)  local  Bber  identification 
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TO  HAND-HELD  TERNAL  TO  SENSORS 
OR  OTHER  EQUIPMENT  (4  CH) 


Fig.  10  Block  diagram  of  LCTR 


Fig.  1 1  Prototype  LCTR  (inner  chassis) 


(3)  control  signal  transmission 

(4)  environmental  sensing 

The  first  function,  ID  code  recognition,  can  be  used  at  con¬ 
struction  or  service  order  operation  and  so  on,  where  fiber 
connector  concatenations  are  changed.  After  fiber  concatena¬ 
tion  changes  using  connectors  with  ID  modules,  the  LCTR  is 
connected  to  a  dedicated  communication  line;  a  hand-held 
terminal  is  also  connected  to  the  LCTR.  Power  is  supplied  to 
the  LCTR  and  the  terminal  by  battery  through  a  dc-dc  convert¬ 
er.  A  field  worker  can  operate  the  LCTR  through  the  terminal. 
The  LCTR  controlled  by  the  terminal  automatically  recognizes 
ID  codes  of  all  connectors  and  transmits  that  information  to  the 
host  computer  through  the  bidirectional  optical  communication 
port  over  a  dedicated  communication  line.  The  host  computer 
updates  the  related  data  of  the  line  configuration  database. 
LCTR  is  then  disconnected  from  the  line  and  taken  back  to  a 
center. 

TTie  second  function,  local  fiber  identification,  is  subject  to  the 
same  conditions  as  the  first.  It  is  realized  by  transmitting  a 
query  about  line  service  status  to  the  host  computer  using  the 
LCTR  and  the  terminal.  The  field  worker  can  recognize  the 
service  status  (in-service  ,  to  be  dropped,  out  of  order,  and  so 
on)  of  all  connectors  with  ID  modules.  For  visual  recognition, 
a  visible  LED  matrix  is  installed  on  the  surface  of  the  ID-PCB 
(Fig.  7).  This  function  considerably  reduces  the  time  of  local 
fiber  identification  in  comparison  with  the  conventional  fiber 
bending  identification  technique.  This  status  information 
contributes  much  more  to  reliable  field  operations  than  the 
conventional  method.  When  the  work  is  finished,  the  LCTR  is 
taken  back  to  a  center. 

The  third  function  is  control  signal  transmission,  which  helps 
fiber  switching  system  module  to  transmit  switching  signals  or 
data  to  remote  fiber  switching  equipment.  The  host  computer 
of  the  configuration  management  system  is  interrupted  by  the 
platform  commands  and  transmits  an  arbitrary  signal  to  the 
directed  location. 

The  fourth  function,  environmental  sensing,  is  used  for  detect¬ 
ing  fiber  closure  open-shut  status,  measuring  temperature, 
detecting  water  penetration,  and  so  on. 

A  prototype  LCTR  matched  to  the  new  ID  modules  is  shown  in 
Fig.  11.  Its  basic  functions  and  performance  are  listed  in  Thblc. 
1.  The  ID  interface  is  modified  to  be  suitable  for  the  MT-ID 
and  visible  LED  matrix  for  local  fiber  identification.  Commu¬ 
nication  performance  is  almost  same  as  for  the  previous 
LCTR.  The  outer  size  is  lager  than  that  of  the  previous  LCTR^ 
because  of  the  12-bit  A-D  and  8-bit  D-A  converters  for  MT- 
ID  recognition.  Average  power  consumption  is  drastically 
reduced  from  5  W  to  1  W  by  using  CMOS  devices  and  imple¬ 
menting  a  shutdown  mode. 
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Finally,  the  experimental  setup  shown  in  Fig.  12  for  checking 
the  LCTR  network  is  fabricated  and  the  above  mentioned 
LCTR  functions  are  confirmed. 


TABLE  1.  IXTR  functions  and  performance 


ID  interface 

ID-PCB  (MT-ID) 
with  LED  matrix 

hand-held  terminal  interface 

signal 

RS-232C 

rate 

9600bps 

bidirectional  communication 

light  source/detector 

one  InGaAs  LD 

signal 

half  duplex  NRZ 

optical  fiber 

one  SM-fiber 

bit  rate 

125  kbps 

optical  dynamic  range 

22  dB 

bit  error  rate 

<10-^ 

environmental  sensing 

full  scale 

2V 

resolution 

8  bit 

channels 

4CH 

size 

1 10  X  70  X  22  mm 

power  consumption 

1.04  W  normal 

0.20  W  wait 
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6.  CONCLUSION 

The  need  for  an  integrated  cable  network  operation  system 
consisting  of  a  number  of  system  modules  is  described.  To 
realize  this  system,  a  reliable  database  which  reflects  current 
line  configurations  is  indispensable.  The  real-time  configura¬ 
tion  management  system  is  one  module  of  the  cable  network 
operation  system,  whose  purpose  is  to  realize  a  database  that  is 
more  reliable  than  conventional  databases  concerning  line 
conrigurations.  When  fiber  concatenation  changes,  connectors 
having  ID  modules  with  dedicated  data  transmitters  (LCTRs) 
provides  automatic,  reliable  database  updating.  A  new  ID 
module  consisting  of  a  resistor  and  diode  matrix  is  proposed  to 
attain  more  physical  reliability  than  the  previously  demonstrat¬ 
ed  ID  modules  using  EEPROM.  Tests  of  prototype  coimectors 
equipped  with  the  new  ID  modules  demonstrate  successful  ID 
code  recognition.  The  functions  and  performance  of  the  proto¬ 
type  LCTR  matched  with  the  new  ID  devices  are  tested,  and 
LCTR  use  for  each  function  in  the  field  is  clarified.  In  future, 
the  actual  reliability  of  MT-ID  connectors  and  LCTR  should 
be  investigated  under  practical  field  conditions. 
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INTELLIGENT  BUILDING:  DESIGN  CONSIDERATION 


Christopher  Di  Minico 


Digital  Equipment  Corporation 
Low  End  Networks  and  Communications 


Summary 

Building  technologies,  codes,  standards  and  regulations 
have  an  enormous  impact  on  the  architect,  the  consult¬ 
ing  engineer,  the  building  owner  and  the  building 
facility  manager.  Voice  and  data  communication  equip¬ 
ment  standards,  which  now  include  Building  Control 
Technologies,  are  recognized  as  an  integral  part  of  the 
strucmred  wiring,  and  structured  pathway  standards. 

The  Intelligent  Building  (IB)  lacks  such  standards  and 
guidelines.  This  paper  presents  an  overview  of  the 
Intelligent  Building  concept  primarily  focusing  on  the 
Information  Technology  (IT)  component.  It  additionally, 
proposes  that  a  collection  of  existing  and  developing 
standards  could  provide  the  foundation  for  Intelligent 
Building  designs. 


Background 

The  Intelligent  Building  concept  has  been  proposed  in 
a  variety  of  manifestations  over  the  last  decade,  each 
failing  to  generate  much  consumer  interest.  The 
Intelligent  Buildings  are  scattered  about  the  world  each 
promoting  their  uniqueness.  Therein  lies  the  problem. 
Unique,  one-of-a-kind  solutions  are  by  definition  not 
easily  repeatable,  scalable,  or  extensible.  A  contributing 
factor  to  the  lack  of  acceptance  of  the  Intelligent 
Building  concept  is  the  absence  of  a  standards  based 
Intelligent  Building  platform.  The  platform  would 
defme  the  basic  elements,  their  inter-relationship,  and 
their  plication.  The  platform  would  establish  a 
frameworic  for  measuring  the  return  on  investments  for 
building  developers,  owners  and  tenants. 

Worth  noting,  but  not  directly  addressed  here,  is  the 
resistance  to  the  Intelligent  Building  concept  by  the 
people  involved  with  the  building  operations.  Each 
element  of  the  Intelligent  Building  concept  includes  a 
person.  Historically,  the  telecommunication 
(Voice/PBX),  data-communication  (LAN/^^'  ,  and 

facility  managers  each  have  uniquely  defined  network 
hardware,  software,  and  management  strategies.  The  - 


difficulty  of  integrating  and  establishing  relationships 
between  the  individuals  involved  especially  with-in  an 
operating  building,  is  enormous.  Many  of  these  people 
are  protective  of  their  individual  responsibility  and  fear 
that  integration  of  systems  and  services  may  result  in 
lost  jobs  -  as  in  ’lights-out’  manufacturing.  A  standards 
based  Intelligent  Building  definition  could  reduce  the 
fear  generated  by  misinformation  and  provide  the  basis 
for  meaningful  collaboration. 

Intelligent  Building  Design  Concent: 

The  Washington  based  Intelligent  Building  Institute 
(EBI)  has  already  achieved  some  level  of  consensus 
towards  an  Intelligent  Building  definition.  This 
definition  will  be  used  as  the  fi'amework  to  relate  the 
InteUigent  Building  concept  with  the  relevant  standards 
and  potential  q>plications.  The  Intelligent  Building,  as 
proposed  by  the  IBI,  is  to  provide  a  productive  and  cost 
effective  environment  through  optimization  of  its  four 
basic  elements;  the  structure,  the  systems,  the  services, 
and  the  management  as  well  as  the  inter-relationship 
between  them. 


1.  STRUCTURE: 

Structured  Wiring  and  Structured  Pathways  for 
Intelligent  Buildings: 

The  Electronic  Industries  Association  (EIA)  and  the 
Telecommunications  Industries  Association  (TIA)  have 
developed  a  standard  for  telecommunications  wiring  for 
commercial  buildings  as  specified  in  the  ElA/TIA-568 
Commercial  Building  Wiring  Standard.  Also  EIA/ITA 
developed  the  EIA/TIA-569  Commercial  Building 
Standard  for  Telecommunications  Pathways  &  Spaces 
in  recognition  that  the  building  wiring  cannot  be 
standardized  without  standardizing  the  building 
architecture  into  which  the  building  wiring  is  installed. 

An  International  version  of  the  EIA/nA-568  is  under 
development  by  the  ISO/JTCl  SC25  WG3.  At  Present 
the  draft  is  out  for  ballot  by  the  Woiking  Group. 

The  stated  goal  of  EIA^A-568  is  to  provide  a  uniform 
wiring  system  that  supports  multiproduct,  multivendor 
environments.  The  related  EIA/nA-569  covets  the 
pathways  and  spaces. 
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The  EIA/nA-568  and  the  EIA/TIA-569  have 
established  inter-relationships  among  the  core  sections 
of  the  standards. 

Comparison  of  Core  Sections  of  EIA/TIA-568/569 


EIA/nA-568 

4.  Horizontal  Wiring 

5.  Backbone  Wiring 

6.  Work  Area 

7.  Telecommunications 
Closet 

8.  Equipment  Room 

9.  Entrance  Facilities 


EIA/nA-569 

4.  Horizontal  Pathways 

5.  Backbone  Pathways 

6.  Work  Station 

7.  Telecommunications 
Closet 

8.  Equipment  Room 

9.  Entrance  Facilities 


F.vnanded  OSl  Reference  Model:  (Fi£ure  I) 

The  concept  proposed  here  is  to  expand  the  OSI 
Physical  Layer  to  include  Stmctured  Wiring  and 
Stractured  Pathways.  It  is  not  to  imply  a  functional 
relationship  within  the  framework  of  the  OSI 
implementation  but  to  establish  a  context  for  Intelligent 
Building  design  using  the  OSI  reference  model. 

OSI  Reference  Model: 

The  International  Standards  Organization  (ISO)  initiated 
work  in  1977  on  the  Open  Systems  Interconnection 
(OSI)  to  address  the  requirements  of  internetworking 
heterogeneous  computer  systems.  The  OSI  reference 
model  is  an  abstract  description  of  interprocess 
communication  structured  in  layers  of  smaller 
bsystems. 

The  Physical  Layer  provides  the  mechanical,  electrical, 
functional,  a  procedural  standards  to  access  the  physical 
media. 


Figure  1 


vn. 

Application  Layer 

VI. 

Presentation  Layer 

V. 

Session  Layer 

IV. 

Transport  Layer 

m. 

Network  Layer 

n. 

Data  Link  Layer 

I. 

Physical  Layer 

EIA/TIA  -  568  -  Structured  ♦ 
Wiring 

ISO/IEC  JTCI  SC25 

Building  Architecture  Layer  -  EIA/nA-569  * 

*  Not  within  the  OSI  implementation. 


Building  Controls  on  Structured  Wiring: 

Most  of  the  contending  Building  Automation  Protocols 
physical  layer  requirements  are  satisfied  by  the 
EIA/TIA-568  specification  for  topology,  media  and 
coimectors.  Notable  exceptions  are  the  Master 
Slave/Token  Passing  (MS/TP)  datalink  implemented 
using  the  EIA-485  physical  layer  proposed  bv  the 
American  Society  of  Heating  Refrigerating  and 
Air-Conditioning  Engineers  (ASHRE).  ASHRE  SPC 
135P  BACnet:  A  Data  Communication  Protocol  for 
Building  Automation  and  Control  Networks  which 
specifies  RS-485  implemented  with  18  AWG  shielded 
twisted  pair. 

The  intelligence  of  the  building  control  functionalities 
are  becoming  decentralized  and  moving  closer  to  the 
controlled  systems.  The  data  communication  interfaces 
for  these  ’smart’  controllers  are  often  RS-232,  and 
RS-423  which  can  be  provided  by  traditional  data 
communication  products  such  as  terminal  servers.  The 
terminal  server  to  ’smart’  controller  is  accomplished  in  a 
star  or  radial  wire  distribution  topology  rather  than  a  bus 
on  24  AWG  unshielded  or  shielded  twisted  pair.  This 
implementation  is  consistent  with  the  passive 
inffastmcture  specified  in  EIA/nA-568.  These  terminal 
servers  often  reside  as  modules  in  a  network  ’smart’  hub. 

2.  MANAGEMENT 

In  recognition  of  the  requirements  for  standardized 
application  services  and  protocols  for  the  exchange  of 
management  information  across  systems,  ISO/IEC 
7498-4  has  provided  a  basic  reference  model  for  a 
standard  management  framework.  The  framework  is  to 
establish  a  management  protocol  that  would  transport 
management  information  between  the  individual  layer 
standards.  The  management  information  is  structured  in 
a  Management  Information  Base  (MIB).  The  Abstract 
Syntax  Notation  One  (ANS.l)  is  the  ISO  term  for  the 
data  stmctures  exchanged,  along  with  the  management 
information.  Management  products  are  available  today 
that  meet  a  sub-set  of  the  ISO/IEC  requirements. 

Radier  than  presenting  Intelligent  Building  Management 
in  the  abstract,  a  prototype  of  an  integrated  building 
management  platform  is  presented  (Figure  2). 

Potential  users  of  the  integrated  Building  Management 
platform  are: 

•  Building  Facility  Persotmel 

•  Security  Managers  Persormel 

•  Real  Estate  Managers  Persotmel 

•  IT/Network  Managers  Persotmel 

•  Finance  Management  Persotmel 
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Intelligent  Building  Management  can  be  characterized  by 
functional  areas  as  follows; 


•  Design/Configuration  Management  - 

is  the  area  that  concentrates  on  the  design,  storage, 
and  presentation  of  the  physical  layout  of  managed 
objects.  It  also  deals  with  the  storage  of  the  managed 
systems’  and  operating  specifications. 

*  physical  representation  of  building 
infrastructure 

*  physical  and  logical  representation  of  the 

IT  Network;  both  the  passive  cabling  system 
and  the  active  products. 

*  interior  layout  (modular  furniture,  partitions, 
etc.) 

•  Real-time  Building  Management  - 

is  the  area  that  consists  of  management  and  control 
of  the  dynamic  building  environment. 

*  HVAC  system 

*  Security  system 

*  Lighting  system 

*  Fire/ssrfety  system 

*  Environmental  systems 

•  Administration  Information  Management  - 
consist  of  the  building  operational  information. 

*  Faults,  maintenance  and  repair  logs 

*  Systems  and  services  usage  and  consumption 

*  Asset  identification 

The  core  of  the  platform  is  an  information  repository 
which  is  common  to  the  three  functional  management 
areas.  The  integrated  repository  ensures  the  consistency 
and  integrity  of  the  information  shared  by  the 
management  functions.  The  presentation  of  the  data 
will  be  based  on  the  user  application  accessing  the 
information  (Figure  3).. 

•  Physical  Presentation 

•  Schematic  Presentation 

•  Real-Time  Graphics 

•  Text 

3.  SYSTEMS; 

In  OSI  parlance  a  System  is  considered  to  be  one  or 
more  autonomous  computers,  their  associated  software, 
peripherals,  and  users  that  are  capable  of  information 
processing  and/or  transfer. 


Based  on  the  customers  demand  for  interoperability, 
voice  and  data  vendors  have  long  provided  end  user 
service  via  standards  based  Systems  (Networks) 
characterized  typically  by  geographical  span  such  as 
Local  Area  Networks  (LANs),  Metropolitan  Area 
Networks  (MANs)  and  Wide  Area  Networks  (WANs). 

The  Building  Control  Vendors  and  end  users  are  also 
responding  with  proposals  for  a  standards  based  opren 
protocol  for  Building  Automation  Systems.  The 
Intelligent  Building  Institute  has  created  an  evaluation 
metric  to  review  the  leading  contenders  and  have 
identified  three  implementations  for  further  review: 

•  ASHRE  135PBACnet: 

•  ECHELON 

•  PWC  (Public  Works  Canada) 

Other  protocols  positioned  as  Intelligent  Building 
contenders  are: 

•  Firm-Neutral  Data  Transmission  (FND) 

•  TRON 

ASHRE  135P:  BACnet:  Data  Communication 
Protocol  for  Building  Automation 

P-Urpftjg: 

To  define  a  data  communication  services  and  protocol 
for  Computer  Equipment  used  for  monitoring  and 
control  of  HVAC  and  other  building  systems. 

To  define  an  object-oriented  representation  of 
information  communicated  between  such  systems,  to 
facilitate  aprplication  development. 

Scope: 

•  Ba.scd  on  a  4  layer  collapsed  OSI  Basic  Reference 
Model  (ISO  7498): 


BACnet  Layers  Equivalent  ISO  Layers 


BACnet  Aprplication  Layer 

(7)  Application 

BACnet  Network  Layer 

(3)  Network 

ISO  8802-2 

IEEE  802.2  MS/TP 

(2)  Data  Link 

ISO  8802-3 

IIEEE  802.3  ARCNET  EIA^8; 

(1)  Physical 
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Public  Works  Canada  (PWC/SCP) 

Public  Works  Canada  has  developed  a  Standard 
Communication  Protocol  (SCP)  for  Energy  Management 
Control  System  (EMCS),  and  a  related  Gateway 
Specification  for  EMCS  using  PWC  protocol. 

Developed  by  Universal  Software  Inc.,  under  contract  to 
Canadian  Federal  agency  to  provide  a  unified  application 
interface;  initial  focus  will  be  on  the  building  energy 
management  system  with  the  capability  for  later 
extension  to  other  building  systems.  The  specification 
and  the  associated  operator  interface  standard  will 
become  part  of  the  government's  National  Master 
Specification  for  all  new  installations. 

ECHELON  LonTalk 

LonTalk  was  developed  by  the  Echelon  Corporation. 

The  protocol  is  implemented  in  silicon  produced  under 
license  agreement  with  Echelon  by  Motorola.  The 
protocol  is  advertised  as  following  the  ISO/OSI  seven 
layer  reference  model. 

END 


Firm-Neutral  Data  Transmission  System  in  Public 
Buildings  and  Premises  was  developed  by  the  Working 
Group  on  Mechanical  and  Electrical  Engineering  of  the 
State  and  Municipal  Office  Administrations  Office 
(AMEV)  of  the  Federal  Ministry  for  area  Planning, 
Construction  Industry  and  Municipal  Construction, 
of  Germany. 

FND  specifies  a  Standard  Interface  Adt^ter  to  be  used 
by  the  control  vendors.  The  interface  establishes  the 
point  of  integration  for  the  proprietary  vendors 
implementation. 

IRON 

The  Real  Time  Operating  Nuclei  was  initially  developed 
at  the  University  of  Tokyo.  Several  "IRON  rqjplications 
exist.  M-TRON  (macro-TRON)  is  curtentiy  under 
development  for  building  automation.  TRON  is 
administered  by  the  Tron  association  of  Japan.  Nippon 
Telegraph  and  Telephone  (NTT)  and  the  Jtqranese 
Ministry  of  International  Trade  and  Industry  (MTIT)  are 
primary  supporters  of  TRON. 

ft^EBYICES 

The  promise  of  a  standards  based  service  independent 
communication  network  is  still  unfulfilled.  Although 


Integrated  Service  Digital  Network  (ISDN)  was 
championed  as  resolving  the  voice/data  integration 
problem,  it  will  not  meet  the  demands  of  many  services 
requiring  high  speed  data  transfer. 

Broadband  ISDN  (B-ISDN),  operating  on  a  Synchronous 
Optical  Network  (SONET),  providing  bandwith  on 
demand  to  end-users  in  the  form  Asynchronous  Mode 
Transmission  packets  (ATM)  is  now  positioned  as  the 
solution  to  the  universal  network  problem.  The 
network  ’smart’  hub  environment  with  ATM  switching 
providing  multirate  services  supporting  video,  voice,  and 
data  applications  is  a  popular  future  vision  for  the 
universal  network.  The  future  awaits. 

Traditionally,  Intelligent  Building  Service  offerings 
have  been  positioned  as  Shared  Tenant  Services.  The 
basic  premise  is  that  building  owners  would  attract 
tenants  by  providing  access  to  services  that  they  would 
not  be  able  to  afford  on  their  own. 

These  services,  due  to  the  lack  of  an  integrated  solution, 
are  directly  related  to  the  Systems  (Networks)  employed. 
The  services  are  typically  broken  into  two  distinct 
communication  categories,  telecommunications  (PBX). 
and  data  communications.  The  list  of  unique  services  are 
exhaustive  -  only  a  sample  will  be  provided  below. 

Telecommunication  Services: 

•  Shared  Tenant  Services 

•  Message  Center 

•  Computer  Integrated  Telephony  (CIT) 

•  Modem  pool 

•  FAX 

•  Voice  mail 

Data  communications  Services: 

•  Shared  Tenant  Services 

•  Encryption-system  security 

•  Computer/Database  services 

•  Video  teleconferencing 

•  Employee  Locator 

•  print  servers 

•  file  and  information  servers 
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Conclusion: 


The  structure,  the  management,  the  systems,  and  the 
services  all  of  the  elements  of  an  Intelligent  Building 
Concept  have  established  standards  or  are  developing 
standards  that  need  to  be  ^plied  collectively  to  provide 
the  basic  framework  for  Intelligent  Building  designs. 

Author 

Christopher  Di  Minico  is  an  engineering  supervisor  for 
Digital  Equipment  Coiporation’s  Low  End  Network  and 
Communication  group. 

BS/BA,  Electrical  Engineering/Music,  Northeastern 
University  and  University  of  Massachusetts  respectively. 

Acknowledgment 

Digital  Equipment  Corporation’s  Building  Intergration 
Services  Intelligent  Building  Technology  Team  and  the 
reviewers  of  this  document. 


232  International  Wire  &  Cable  Symposium  Proceedings  1992 


Figure  2 
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An  8’Fiber  3-State  2X2  High  Speed 

Switch 


H.  Furukawa  S.  C.  Yow  Y.  Nomura  H.  Yokosuka 
Fujikura  Ltd  Opto-Elcctronics  Lab 
Chiba,  Japan 


Abstract 

A  high  speed,  3-state  (cross,  bar  and  loop)  2X2 
mechanical  switch  for  8-fiber  optical  fiber  ribbons  has 
been  developed.  This  paper  describes  the  concept  of  a  3- 
state  switch  and  how  it  is  realized  in  design.  Next,  the 
structure  of  the  switch,  namely  the  fiber  connections,  the 
driving  mechanism  and  the  switch  block  is  described. 
Finally,  the  performance  of  the  switch  is  reported. 

1 .  Introduction 

The  introduction  of  optical  fiber  in  the  subscriber 
loop  environment  in  the  coming  decades  presents  many 
challenging  problems.  Maintaining  its  economic  viability 
through  effective  network  utilization  and  management 
and  providing  service  continuity  of  such  networks  in 
cable  cuts  are  some  of  the  challenges  that  must  be  faced. 
One  means  of  meeting  these  challenges  is  the  use  of 
small,  low  cost,  high  speed  switches  aptly  placed  at 
various  points  on  a  network  to  route  traffic  to  available 
or  reserve  line  capacities.  In  this  way,  network  capacities 
can  be  maximized  and  cable  cuts  can  be  handled  by 
rerouting  affected  traffic'.  Studies  on  2-state  (cross,  bar), 
high  speed  mechanical  switches  have  been  done^  and 
such  switches  have  already  been  developed^and  can  be 
used  for  this  purpose.  However,  network  engineers 
have  begun  to  demand  for  more  flexibility  in  switches 
used  in  complex  networks  or  subscribers  network^  In 
particular,  switches  with  a  third  state  have  found  uses  in 
these  networks.  We  have  built  a  switch  with  a  third  state 
-  a  3-state  (cross,  bar  and  loop)  2X2  mechanical  switch. 
The  switch  has  a  switching  loss  of  less  than  1 .2dB  and  a 
switching  time  of  less  than  10ms.  Itcanbcused  with  up 
to  8  fibers  or  with  an  8-fiber  ribbon  tape  per  port. 

2.  Concept 

Fig.  1  illustrates  the  3  states  of  the  switch.  The  two 
'traditional'  states  are  the  'cross'  and  the  'bar'  states 
while  the  third  state  that  was  added  is  the  'loop'.  At  first 
glance,  it  may  seem  that  the  'loop'  only  serves  to  return 
the  traffic  to  its  origin  and  thus  does  not  serve  any 


Figure  1.  The  3  states  of  the  switch 


purpose  whatsoever.  However,  it  really  depends  on 
where  the  switch  is  used,  how  it  is  used  in  conjunction 
with  other  switches  in  the  network  and  the  origins  and 
destinations  of  the  traffic  entering  and  leaving  each 
switch.  The  non-parallel  lines  on  each  side  of  the  switch 
in  the  figure  serve  to  emphasize  this  point. 

Fig.  2  shows  schematically  how  the  3  states  can  be 
realized  with  fibers  set  inside  two  mating  ferrules.  As 
shown  in  the  figure  each  of  the  ferrules  has  t wo  s wi  tching 
positions,  the  lower  or  retracted  position  and  the  upper 
or  extended  position.  Together  these  result  in  3 
combinations  and  hence  the  3  switching  states  of  the 
switch.  Oneof  the  advantages  of  this  arrangement  is  that 
the  distance  between  the  two  switching  positions  of  the 
ferrule  is  the  smallest  possible  and  is  the  spacing  between 
the  fibers  set  on  the  ferrule(250p,m).  The  short  distance 
over  which  the  ferrules  have  to  travel  contributes  in  part 
to  the  high  switching  speed.  Furthermore,  if  each  ferrule 
is  driven  independently,  then  the  switching  time  will  be 
the  same  for  either  state  the  switch  changes  to.  The 
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Figure  2.  Realization  of  a  3-state  switch  using  2  ferrules  mounted  with  fibers 


switching  time  will  be  the  same  irregardlcss  of  whether 
one  ferrule  or  both  ferrules  are  switched. 

3.  Structure 

The  structure  of  the  switch  is  shown  in  Fig.  3  and  is 
similar  in  principle  to  the  2-state  mechanical  switch  that 
we  have  developed^  The  major  components  of  the  switch 
are  the  ferrules  on  which  the  fibers  are  set,  the  driving 
unit  which  switches  the  position  of  the  ferrules  and  the 
switch  block  within  which  the  ferrules  and  driving  unit 
are  contained.  It  differs  from  the  2-state  switch  in  that 
both  its  ferrules  are  swilchable  and  can  be  moved 
independently  of  one  another.  The  switch  is  also  built  to 
accommodate  up  to  eight  fibers  per  port  -  hence  the  size 
of  its  ferrule  is  much  larger  than  a  2-state  switch  for 
paired  fibers. 


Figure  3.  Structure  of  the  switch 


3.1  Ferrule 

The  fibers  inside  the  switch  terminate  in  a  pair  of 
mating  ceramic  ferrules.  Connection  between  fibers  takes 
place  when  the  fibers  in  one  ferrule  is  aligned  with  the 
appropriate  fibers  in  the  other  ferrule  (as  is  shown  in 
fig.  2). 

The  ferru  les  in  this  s  wi  tch  consist  of  two  parts  -  a  base 
plate  and  top  plate.  The  base  consists  of  a  scries  of  V- 
grooves  machined  to  a  precise  depth  and  at  a  precise 
interval  of  250pm.  The  depth  and  intervals  of  the  V- 
grooves  ha  vean  accuracy  of  ±0.5pm.  Fibers  are  mounted 
on  the  V-groovesand  the  top  plate  is  used  to  fix  the  fibers 
firmly  in  position. 

The  base  plate  also  has  two  elongated  V-grooves  on 
which  alignment  pins  are  mounted  (see  fig.  4).  The 
sizes  of  the  elongated  V-groovesand  the  alignment  pin 
are  such  that  in  the  'bar'  state  and  the  'cross'  state,  the 
relative  displacement  of  the  two  ferrules  is  exactly  250|im 
(which  is  exactly  the  spacing  between  fibers  mounted  on 
the  ferrules).  From  the  'loop'  state  which  is  considered  to 
be  the  home  state,  it  is  possible  to  switch  to  the  other  two 
states  by  moving  one  of  the  ferrules  exactly  250  mm. 
Thus  the  optical  performance  in  the  'bar'  and  'cross' 
states  are  dependent  on  the  accuracy  of  the  elongated  V- 
grooves. 

The  'loop'  state  performance  on  the  other  hand 
depends  on  additional  factors.  Both  the  ferrules  are 
machined  together  with  one  of  their  sides  pressed  firmly 
against  the  wall  of  the  milling  machine  table.  This  is 
considered  to  be  the  reference  line  for  measurements. 
The  mating  V  grooves  are  formed  through  a  single 
cutting  action  thereby  ensuring  that  each  V-groove  is 
precisely  positioned  with  respect  to  the  reference  wall. 

AdditionalIy,alignment  pinsare  fixed  in  theinterfacc 
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between  the  side  of  the  ferrule  and  the  side  wall  of  the 
s  wi  tch.  This  is  to  reduce  the  contact  surface  area  thereby 
reducing  friction.  This  leads  to  good  repeatability  of  the 
swi  tching  loss.  It  isalso  possible  to  make  fine  adjustments 
by  varying  the  outer  diameter  of  the  pin. 

It  can  be  seen  that  the  loss  performance  of  the  switch 
depends  heavily  on  how  precisely  the  ferrules  and  V- 
grooves  are  machined. 


Figure  4.  Alignment  of  the  ferrules 


3.2  Driving  Unit 

The  driving  unit  is  used  to  switch  and  hold  the 
position  of  the  ferrules  (fig.  5).  The  ferrules  are  moved 
by  push  pins  as  represented  by  the  arrows  in  figure  4. 
■Oie  push  pinsat  the  opposite  sidesof  a  ferrule  are  linked 
by  rodsand  bearings  toa  single,  high  speed,  fast  response, 
latch-on  type  solenoid. 

By  linking  the  push  pins  together,  the  extension  and 
retraction  of  the  two  push  pins  are  synchronized.  This 
eliminates  the  possibility  that  the  extension  of  one  push 
pin  is  faster  than  the  retraction  of  the  push  pin  on  the 


opposite  sides,  which  could  damage  the  ferrule  or  slow 
down  the  switching  motion  of  the  ferrule. 

The  use  of  high  speed,  fast  response  solenoids 
contributes  to  the  high  switching  speed  of  the  switch. 
The  latch-on  fea  ture  of  the  solenoid  enables  the  switch  to 
maintainitsswitchingstate  without  consuming  electrical 
energy.  The  bearings  at  the  solenoid  shaft  stabilize  the 
motion  of  the  push  pin  which  in  turn  contributes  to  a 
cleaner  switching  waveform. 

3.3  Switch  Block 

The  ferrules  are  enclosed  within  the  switch  block  and 
immersed  in  a  specially  developed  low  viscosity  index¬ 
matching  oil.  The  soleno’d  and  bearings  are  attached  to 
the  outer  walls  of  the  switch  block.  The  push  pins  enter 
theswitch  block  throughdiaphragms  which  prevent  the 
leakage  of  index-matching  oil. 

Theentireswitchmeasuresacompact13(KL)X13()(W) 
X2{KH)mm.  It  is  designed  such  that  individual  switches 
can  be  easily  stacked  one  on  top  of  another  without 
creatingany  dead  space  in  between.  The  modular  design 
of  thisswitch  can  pave  the  way  towards  the  development 
of  high  capacity  3-statc  switches,  in  line  with  the  high 
d  ensi  ty  fiber  cables  being  developed  for  use  in  subscriber 
networks. 

4.  Performance 

The  performance  of  the  switch  will  be  briefly  reported 
here. 

4.1  Connection  Loss 

Losses  were  measured  using  an  LED  light  source  of 
1 .31|im  wavelength.  The  light  is  sent  into  one  of  the  ports 
and  the  loss  in  power  is  measured  at  the  corresponding 
outputjxirtsofcachof  the  switch's  states.  The  process  is 
continued  until  losses  through  all  combinations  of  port;- 
are  recorded.  Fig.  6  shows  the  connection  losses  for  each 
of  the  three  positions  of  the  switch.  The  average 
connection  loss  was  0.65  dB.  There  were  no  significant 
differences  among  the  three  states.  We  can  therefore 
conclude  that  the  new  third  state  (loop)  provides  as 
good  a  connection  as  the  any  of  the  other  states. 

4.2  Switching  Time 

The  switching  time  is  defined  as  the  interval  between 
the  electrical  triggering  of  theswitch  anci  the  attainment 
of  new  switch  state.  The  switch  is  considered  to  have 
attained  the  new  state  when  the  light  output  at  the 
appropriate  p>ort  has  stabilized.  As  can  be  seen  in  Fig.7 
the  switching  time  was  less  than  10ms.  There  were  no 
significant  differences  among  the  three  states.  If  the 
interruption  to  transmission  signal  isconsidered  instead. 


Figure  5.  Outline  of  switch  structure 
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the  time  would  be  much  shorter.  Fig.  8  shows  the 
switching  waveform. 
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4.3  Return  Loss 

The  use  of  index  matching  liquid  has  resulted  in  a 
high  return  loss  of  greater  than  50dB  at  the  mating  faces 
of  the  ferrules.  The  return  loss  was  measured  using  a 
1.31|im  light  source  and  a  coupling/branching  filter. 
The  outpu  t  side  of  the  swi  tch  was  immersed  in  refractive- 
index  matching  oil  to  make  it  non-refractive. 

5.  Conclusions 

A  8-fiber  3-state  (cross,  bar,  loop)  2X2  high  speed 
mechanical  switch  has  been  developed.  It  has  a 
connection  loss  of  less  than  1.2dB  and  a  fast  switching 
time  of  less  than  10ms.  We  believe  the  switch  will  give 
network  designers  and  managers  added  flexibility  and 
power  to  meet  the  challenges  of  the  coming  decades. 
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ABSTRACT 

Today’s  evolving  telecommunication  and  CATV 
applications  for  optical  fibers  ate  demanding  higher 
performance  in  handling  properties  and  reliability.  In 
particular,  the  elevated  temperature  and  humidity 
encountered  in  outdoor  environments  place  added 
requirements  on  the  fiber  coating  to  maintain  performance 
after  long  periods  of  exposure.  These  demands  prompted 
us  to  generate  a  technology  platform  to  understand  critical 
coating  properties  which  can  effect  field  performance. 
Results  arc  presented  on  strippability,  fiber  strength 
retention,  solvent/solution  resistance  and  aging/ieliability 
testing. 


Introduction 

The  performance  requirements  for  UV  cured  acrylate 
coating  systems  have  become  more  stringent  since  the  late 
1970’s  when  these  coating  materials  were  introduced  into 
optical  fiber  manufacture.  Initial  design  requirements  for 
UV  cured  optical  fiber  coatings  focused  on  low  temperature 
transmission  loss^"  and  fiber  strength.*^*  The  late  1980’s 
presented  special  end-use  applications  of  optical  fiber  such 
as  fiber-optic  guided  missiles  and  high  temperature 
resistant  aircraft  cables  whic.i  expanded  or  exceeded  the 
performance  limits  of  UV  cured  acrylate  coatings.^^*  In 
1988,  many  of  the  first  Fiber-to-the-Subscriber  (FITS) 
applications  for  several  telephone  companies  occurred. 
Coatings  on  optical  fiber  utilized  in  FITS  applications  can 
undergo  oxidative  degradation  due  to  high  temperature 
exposure^^^  or  hydrolytic  degradation  due  to  simultaneous 
exposure  to  high  temperature  and  high  humidity.^*'  Other 
applications  of  optical  fiber  which  have  been  evolving  in 
the  1990’s  include  cable  television  (CATV)  and  long 
distance  aerial  installations  which  can  expose  optical  fiber 
coatings  to  the  same  degradation  mechanisms  encountered 
in  FITS  installations.  The  greater  likelihood  of  more 
frequent  handling  of  the  coated  optical  fiber  in  the  above 
applications  prompted  us  to  generate  a  technology  platform 
containing  a  thorough  understanding  of  the  critical  coating 
properties  which  can  affect  fiber  handling  in  the  field.  This 
paper  presents  data  and  its  interpretation  related  to  the 
following  critical  coating  properties;  1)  strippability,  2) 
fiber  strength  retention,  3)  solvent/solution  resistance,  and 


4)  aging/reliability.  Some  coating  characterization  tools 
previously  developed  have  been  utilized  in  this  woik.^^^ 

Strippability 

In  the  evolving  applications  for  optical  fibers  the  ability  to 
cleanly  remove  the  coating  from  the  glass  for  splicing  and 
connectorization  is  critical.  In  order  to  provide  a  coating 
which  can  be  removed  with  low  force  and  will  not  leave 
residues  which  can  interfere  with  splicing  and 
connectorization,  it  is  necessary  to  understand  the  coating 
properties  which  affect  strippability.  To  clearly  understand 
these  effects,  it  is  first  necessary  to  distinguish  between 
coating  adhesion  and  coating  strippability. 

A  method  of  measuring  adhesion  of  coatings  to  glass 
fiber^*^  has  been  employed  and  is  illustrated  in  Figure  1.  A 
one  centimeter  gauge  length  of  coated  fiber  is  bonded  to  a 
rigid  tab  (glass  slide,  hard  cardboard,  etc.)  using  a  rigid 
adhesive  (i.e.,  cyanoacrylate).  The  fiber  is  not  encapsulated 
by  the  adhesive.  The  coating  is  then  severed  at  the  edge  of 
the  tab.  The  sample  is  mounted  in  an  Instron  and  the  force 
required  to  pull  the  glass  from  the  coating  is  measured. 
The  sample  fails  in  shear  on  the  primary  coating/glass 
interface  and  represents  an  adhesive  failure  at  that 
interface.  The  method  for  measuring  strip  force  for  optical 
fibers  is  defined  by  EIA-FOTP-178.  The  ne^  to 
distinguish  strip  force  from  adhesion  is  shown  in  Figure  2 
where  a  fiber  with  a  very  high  strip  force  (>  1  lb)  has  a  low 
pullout  force  and  in  fact  delaminates  when  exposed  to  high 
humidity,  even  at  room  temperature.  Even  after  the  fiber 
coating  is  delaminated  irom  the  glass,  the  strip  force 
remains  relatively  high.  As  a  further  illustration  (Figure  3), 
a  study  of  160  fibers  of  widely  varying  adhesion  as 
measured  by  pullout  force  showed  essentially  no  variation 
in  strip  force. 


F18UC  I.  SCHEMATIC  CF  COATINB  AOtCSlON  TEST 
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With  this  background,  the  effect  of  coating  properties  on 
strippability  can  now  be  examined.  Figure  4  shows  the 
failure  mode  of  three  different  coatings  during  strip  force 
testing.  In  Case  1  the  coating  shreds  away  from  the  fiber  as 
the  sample  is  stripped,  resulting  in  a  low,  uniform  strip 
force.  In  Case  2  the  coating  tends  to  "accordion",  creating 
a  high  strip  force  followed  by  a  cracking  of  the  coating  and 
a  drop  in  strip  force.  This  Cremate  behavior  between  the 
"accordion"  and  "shredding"  modes  continues  resulting  in  a 
jagged  force/time  curve  until  the  coating  comes  off.  In 
Case  3  the  coating  "accordions"  over  the  whole  length 
resulting  in  a  low  force  followed  by  an  increasing  level  of 
force  as  the  coating  is  stripped. 

The  relative  behavior  of  these  three  coatings  is  determined 
by  the  behavior  of  the  high  modulus  secondary  coating 
with  only  minor  contributions  from  the  low  modulus 
primary.  An  example  of  the  dominant  behavior  of  the 
secondary  coating  is  shown  in  Figure  S.  Two  different 
secondary  coatings  were  used  with  the  same  primary 
coating  to  prepare  fibers.  Secondary  coating  2  had  a  lower 
elongation  (11%)  than  secondary  coating  1  (33%). 
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Adhesion  (pullout  force)  and  strip  force  were  measured 
over  a  range  of  cures.  While  both  coating  systems  showed 
the  same  adhesion  behavior,  as  measured  by  pullout,  a  S0% 
reduction  in  the  force  required  to  strip  the  coating  was 
observed  for  the  lower  elongation  secondary. 

One  other  aspect  of  strippability  of  fibers  is  the  presence  of 
coating  residues  on  the  glass  after  stripping.  These 
residues,  if  they  persist  after  the  usual  alcohol  wipe,  can 
interfere  with  mass  fusion  splicing  or  with  insertion  of  the 
fiber  into  the  precision  ferrules  used  in  many  splices  and 
connectors.  To  evaluate  this  behavior,  precision  ferrules 
can  be  used  to  detect  the  presence  of  residues  by  fiber 
insertion  following  coating  removal  which  includes  an 
alcohol  wipe.  In  general,  few  problems  have  been  found  in 
evaluation  of  most  commercially  available  fibers  as 
manufactured.  This  is  demonstrated  in  Figures  6  and  7 
which  show  microscope  photographs  of  unaged  fibers  and 
fiber  ribbons  following  stripping  of  the  coating  and  alcohol 
cleaning,  respectively,  (boating  residues  are  present  in  all 
cases  after  stripping.  For  the  fibers  the  residues  are  gone 
after  alcohol  wiping.  For  the  ribbons  some  evidence  of 
residue  after  alcohol  wiping  is  seen.  This  can  be  caused  by 
wiping  multiple  fibers  at  one  time,  leaving  residues  in  the 


CASE1  CASE2  CASES 


FIGURE  5.  COMPARISON  OF  PULLOUT  AND  STRIP  FORCE 
USING  TNO  DIFFERENT  SECONDARY  COATINGS 
OVER  THE  SAME  PRIMARY  COATING 
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difficult  to  reach  area  between  the  fibers.  Continued 
wiping  results  in  complete  residue  removal.  This  result 
points  out  the  necessity  for  careful  fiber  cleaning  in  all 
cases  but  particularly  when  using  ribbons,  since  any 
residues  may  interfere  in  fiber  alignment  during  mass 
fusion  splicing. 

Fiber  Strength  Retention 

A  basic  requirement  for  the  reliability  of  any  fiber 
installation  is  to  maintain  uninterrupted  low  loss 
transmission.  Since  glass  can  weaken  over  time  due  to  flaw 
growth  under  stress,  considerable  engineering  effort  has 


COATWO  E  -  AS  STRIPPED  COATING  E  ALCOHOC  WIPED 


RGURE  6.  STHPPMG  RESOUES  -  UNAGED  FBERS 


WMNE  ALCOHOL  WPEO 


nOUREr.  FMR  RWBON  STRTPRIG 


gone  into  characterizing  the  static  fatigue  behavior  of  glass 
and  controlling  the  stress  levels  applied  to  the  glass  fibers 
in  cables  and  installations.  FITS  and  CATV  applications 
have  created  additional  concerns  about  fiber  reliability  due 
to  increased  environmental  exposure,  potential  stress 
conditions,  and  handling.  Recently,  considerable  attention 
has  been  focused  on  the  profound  influence  coatings  can 
have  on  fiber  strength  retention  in  elevated 
temperature/humidity  environments.  Yuce,  et.al.,*®’*®' 
have  reported  results  on  two  coated  fibers,  one  of  which 
caused  significant  corrosion  of  the  glass  surface  to  produce 
a  surface  roughness  (as  measured  by  Atomic  Force 
Microscopy,  AFM)  that  was  shown  to  correlate  with  a 
strength  reduction.  Similarly,  Kennedy,  et.al.,^**' 
compared  three  commercially  available  fibers  and  also 
show  that  strength  degradation  was  accompanied  by 
increased  surface  roughness.  Evidence  presented  by  Inniss, 
et.al.,^*^*  suggests  that  coating  ingredients  or  contaminants 
which  produce  either  a  basic  environment  (e.g.,  a  Lewis 
base  that  interacts  with  water  to  produce  hydroxyl  ions)  or 
ionic  environment  can  corrode  the  glass  surface  to  produce 
surface  roughness  and  a  strength  reduction. 

We  have  examined  the  effects  of  a  small  amount  of  a 
potentially  corrosive  component  in  base  polymer 
primary/secondary  coating  formulations  and  have  results 
on  the  role  that  coating  to  glass  adhesion  plays  in  retarding 
corrosion/strength  reduction.  The  primary/secondary 
formulations  used  to  make  fiber  arc  listed  in  Table  I. 


TABLE  1 

Experimental  Primary/Secondary  Coatings 

Primary 

Potentially 

Fiber 

Primary/Secondary 

Adhesion 

Corrosive 

Code 

Formulations 

Promoter 

Ingredient 

W 

Base  Polymers 

#1 

No 

X 

Base  Polymers 

#2 

No 

Y 

Base  Polymers 

#1 

Yes 

Z 

Base  Polymers 

#2 

Yes 

The  different  adhesion  promoters  used  in  the  primary 
coating  both  give  adequate  adhesion  under  ambient 
conditions  but  adhesion  promoter  #1  maintains  a  high 
quality  coating-glass  interface  under  elevated 
temperature/high  humidity  conditions  whereas  adhesion 
promoter  #2  shows  a  substantial  degradation  of  the 
interface  at  elevated  temperature/high  humidity.  This  is 
shown  by  the  microscope  photographs  of  the  coating-glass 
interface  in  Figure  8.  For  adhesion  promoter  #2,  the 
pullout  level  is  maintained  but  the  quality  of  the  interface 
degrades  giving  a  multitude  of  microscopic  pockets  where 
moisture  and  corrosive  materials  can  concentrate. 
Adhesion  promoter  #1  on  the  other  hand  maintains  the 
integrity  of  the  interface  even  under  more  severe  aging 
conditions.  To  evaluate  the  effects  of  adhesion  promoters 
and  corrosive  materials,  strength  tests  were  carried  out  on 
fibers  aged  at  85®C/85%  RH  according  to  EIA/TIA-455- 
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Secondary  Coatiriy 

Glass 


BASE  COATINGS  ADHESION  PROMOTER  «2 
AGED  10  DAYS.  85  C  8S%RH 


BASE  COATINGS  ADHESION  PROMOTER  #t 
AGED  24  DAYS.  90°C  9SSRH 


FIGURE  8.  A  COMPARISON  OF  COATING  TO  GLASS  INTERFACE  QUALITY 
AFTER  ELEVATED  TEMPERATURE/HUMIDITV  EXPOSURE 


28B  using  a  gauge  length  of  50  cm  and  a  strain  rate  of 
2.5%/minute.  The  benefits  of  a  high  quality  coating-glass 
interface  are  shown  in  Figure  9  where  the  strength  after 
aging  at  85°C  in  85%  RH  is  reduced  only  slightly  for  fiber 
W  with  adhesion  promoter  #1  whereas  fiber  X  with 
adhesion  promoter  #2  shows  approximately  15%  reduction. 
The  benefits  of  the  high  quality  coating-glass  interface  are 
even  more  evident  in  fibers  Y  and  Z  where  a  potentially 
corrosive  ingredient  has  been  added.  The  effects  of  the 
corrosive  ingredient  are  not  eliminated  by  a  high  quality 
interface  but  the  effects  are  reduced  by  approximately  50%. 
AFM  was  performed  on  the  glass  surface  of  fiber  Z  and  is 
shown  in  Figure  10.  The  surface  is  rough,  but  in  addition 
to  the  roughness  there  are  pitted  regions  which  match  the 
size  of  the  microscopic  pockets  that  have  formed  at  the 
coating-glass  interface.  In  this  region  the  glass  is  more 
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FIGURE  9.  STRENGTH  REDUCTIONS  FOR  FIBERS  AGED  AT 

85  DEG  C  AND  85  %  RH.  COATING  DESIGNATIONS 
INDICATED  IN  TABLE  1. 


FIGURE  10.  AFM  OF  GLASS  SURFACE  -  FIBER  Z. 
AGED  10  DAYS  AT  85°C/85%RH 


highly  corroded,  reflecting  the  tendency  to  collect  moisture 
and  corrosive  components  in  delaminated  regions. 

The  results  shown  in  Figure  9  illustrate  the  need  to 
maintain  high  quality  coatings  for  good  strength  retention, 
which  includes  maintaining  high  purity  levels  to  avoid 
potentially  corrosive  contaminants  and  maintaining  good 
coating  adhesion. 

Solvent  and  Solution  Resistance 

As  new  optical  fiber  applications  evolve  in  the  subscriber 
loop,  the  fibers  may  be  exposed  to  a  wider  variety  of 
solvents  and  solutions  including  petroleum  distillates  in 
wasp  sprays,  chlorinated  solvents,  alcohols,  bleach,  and 
ammonia.  An  assessment  must  be  made  of  the  likelihood 
of  fiber  contact  with  a  solvent  and  the  coated  fiber  must  be 
tested  for  resistance  to  these  materials  using  procedures 
that  duplicate  field  use,  e.g.,  spraying  with  a  wasp  spray 
and  cleaning  fibers  with  alcohol.  One  approach  to  defining 
the  solvent  resistance  of  coating  materials  is  to  evaluate 
polymer/solvent  interactions  through  the  determination  of 
polymer  swelling  over  a  wide  range  of  solvents. 

Sheets  of  both  a  primary  and  a  secondary  coating  material, 
approximately  8  mils  thick,  were  fully  cured  using  a  Fusion 
Systems  "D”  Lamp.  Samples  were  die  cut  from  the  sheets, 
length  was  measured  using  a  vernier  accurate  to  .01  mm, 
then  placed  in  a  Petri  dish,  and  covered  with  solvent.  The 
cover  was  placed  on  the  Petri  dish  and  the  dish  wrappied  in 
aluminum  foil  to  retard  solvent  evaporation.  Since  volatile 
solvents  can  rapidly  escape  from  the  sheet  samples  if  they 
are  removed  for  weighing  or  measuring,  sample  lengths 
were  measured  at  various  times  in  the  Petri  dish.  Solvent 
was  added  if  necessary  following  each  measurement  and 
the  dishes  re-wrapped  in  foil.  Volume  changes  were 
calculated  from  length  changes  assuming  isotropic  swelling 
of  the  coating. 
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FIGURE  11.  EFFECT  OF  SOLUBILITY  PARAMETER  ON 
SWELLING  OF  PRIMARY  COATING  SHEETS 
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FIGURE  12.  EFFECT  OF  SOLUBILITY  PARAMETER  ON 

SWELLING  OF  SECONDARY  COATING  S«TS 
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The  volume  increase  as  a  result  of  swelling  of  the  primary 
coating  as  a  function  of  solubility  parameter,  6,  (which  is  a 
measure  of  the  solvent  polarity)  is  shown  in  Figure  1 1  and 
for  the  secondary  coating  in  Figure  12.  The  shapes  of  the 
curves  reveal  a  maximum  that  can  be  shown  to  correspond 
to  the  point  where  the  solvent  solubility  parameter  matches 
that  of  the  coating.  The  general  shape  of  the  curves  can  be 
derived  from  the  Floiy-Huggins  equation  and  is  expressed 
by  the  following  equation^"* 

ln(l-<|)2)  +  <t>2+X<l>2  +  -^<t>y^=0  .  (1) 

Me 


Where  4>2  volume  fraction  of  crosslinked  polymer,  p 
is  the  polymer  density,  Vj  is  the  molar  volume  of  the 
solvent,  and  is  the  molecular  weight  between 
crosslinks.  %  is  the  well  known  polymer-solvent 
interaction  parameter  which  depends  on  the  molecular 
properties  of  the  polymer-solvent  combination.  For  the 
primary  coating  in  the  region  of  high  swelling  and 
neglecting  contributions  from  chain  free  ends.  Equation  (1) 
can  be  simplified  by  expanding  the  logarithm  and 
neglecting  second  order  terms  to  yield: 


pVi  _ 

Me 


2 


4,5/3 


(2) 


The  interaction  parameter  can  be  calculated  from  solubility 
parameters  by  the  following  semiempirical  equation, 

X=^(8i-82)Ux,  (3) 

where  St  ^  Sj  are  the  solubility  parameters  for  solvent 
and  polymer,  respectively,  and  X,  is  the  entropy 
contribution  which  is  roughly  equal  to  0.34.  From 
Equations  (2)  and  (3),  the  volume  swelling  ratio  (SR)  of  a 
crosslinked  polymer  by  a  solvent  can  be  calculated  as; 


Mq 

pRT 


0.1 6RT 
V, 


-(5, -82)2 


13/5 


(4) 


where  Vq  is  tlie  original  volume  of  the  coating  and  V  is  the 
swollen  volume.  From  this  equation,  the  maximum  in 
swelling  ratio  can  be  seen  to  occur  when; 

5]  (solvent)  =  82  (coating)  .  (5) 

The  amount  of  swelling  that  occurs  at  the  maximum  point 
is  determined  by  the  crosslink  density  of  the  primary 
coating  as  measured  by  the  molecular  weight  between 
crosslinks,  M^.  The  maximum  for  the  primary  coating  is 
seen  to  occur  at  the  value  of  5  for  toluene  which  has  5  =  18 
and  molar  volume  of  106  cm  /mole.  From  Equation  (4)  we 
calculate  Me  =  4700  g/mole.  This  can  be  compared  to 
mechanical  data  through  an  equation  (also  neglecting  chain 
free  ends)  that  relates  shear  modulus  of  the  primary  coating 
to  Me  by: 


G  = 


pRT 

Me 


(6) 


The  shear  modulus  as  measured  by  dynamic  mechanical 
methods  for  the  primary  coating  in  Figure  11  is  4.0  x  10* 
dynes/cm^  and  p  =  1.0  which  yields  an  Me  of  6200  g/mole 
in  fairly  good  agreement  with  the  Me  obtained  from 
swelling.  A  similar  calculation  is  not  done  for  the 
secondary  coating  because  it  is  densely  crosslinked  and  the 
approximate  equations  used  above  do  not  apply.  The 
positions  and  magnitudes  of  the  points  of  maximum 
swelling  of  the  primary  and  secondary  coatings  on  the 
solubility  parameter  curves  will  determine  whether  and 
how  much  the  coating  will  interact  with  various  solvents. 
Referring  to  Figures  11  and  12,  we  can  assess  the  general 
behavior  of  these  coatings  in  solvents,  some  of  which  may 
be  encountered  in  the  field.  For  example,  gasoline  and 
petroleum  distillates,  essentially  hydrocarbon  materials. 
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would  be  expected  to  swell  the  primary  coating 
significantly  while  the  isopropanol  used  to  clean  libers 
would  have  a  much  smaller  effect.  For  the  secondary 
coating  the  results  are  somewhat  different  with  aliphatic 
hydrocarbons  having  no  swelling  effect  while  alcohol  gives 
substantial  swelling.  The  results  in  Figures  11  and  12  form 
the  basis  for  understanding  the  behavior  of  coated  fiber  in 
various  solvents  or  solutions.  Since  all  polymer  coatings 
will  absorb  solvents  in  some  region  of  the  solubility 
parameter  spectrum,  the  challenge  is  to  design 
primary/secondary  coating  composites  that  work  together 
to  provide  the  required  level  of  solvent/solution  resistance. 

A  particularly  important  area  for  solvent  resistance 
performance  of  coatings  is  that  of  cleaning  fluids  used  to 
remove  cable  filling  compounds  during 
splicing/connectorization  operations  and  in  some  cases  to 
enter  ribbons.  For  these  applications  the  rate  of  penetration 
of  the  cleaning  solvent  into  the  secondary  coating  plays  a 
key  role  in  coating  design  and  solvent  selection. 
Isopropanol  is  typically  used  as  a  general  cleaning  solvent 
and  ethanol  is  used  for  special  applications.  The  rate  of 
swelling  of  the  secondary  coating  in  three  alcohols  is 
shown  in  Figure  13. 

Ethanol  begins  to  swell  the  material  very  rapidly  while  n- 
propanol  shows  little  effect  for  approximately  2  hours  and 
then  rapidly  swells.  Isopropanol  shows  no  initial  swelling 
and  then  swells  at  a  much  lower  rate  than  the  linear 
alcohols.  The  final  swollen  volume  of  the  coating  is 
essentially  the  same  for  all  three  alcohols.  In  previous 
work  on  swelling  of  poly  (methyl  methacrylate)  (PMMA) 
films,  the  effective  cross-section  of  a  molecule  was  more 
significant  in  determining  penetration  rates  than  the 
molecular  volume.^'^l  The  difference  in  the  behavior  of  the 
materials  is  related  to  molecular  size  and  shape  of  the 
solvent  molecules.  Table  n  shows  the  size  characteristics 
of  the  alcohol  molecules. 


TABLED 

Effective 

Molecular 

Shape 

Molecular 

Cross  Section 
For  Penetration 

Angstrom*2 

Ethanol 

Cylindrical 

42.4 

n-Propanol 

Cylindrical 

45.9 

Isopropanol 

Spherical 

54.5 

Since  isopropanol  is  an  almost  spherical  molecule  while 
ethanol  and  n-propanol  are  more  elliptical  in  shape,  the 
effective  comparison  is  the  spherical  cross-section  of 
isopropanol  (54.5)  versus  the  cylindrical  cross  sections  of 
ethanol  (42.4)  and  n-propanol  (45.9).  Based  on  this,  the 
anticipated  rate  of  swelling  should  be  ethanol>n- 
propanol>isopropanol,  as  observed. 

These  results  indicate  that  isopropanol  is  the  picfeired 
cleaning  solvent  for  this  set  of  coating  materials  since  it 


FIGURE  13.  SHEET  SMELLING  OF  A  SECONDARY  COATING 

IN  2-fROPANOL.  n-PROPANOL  AND  ETHANOL  (9SX) 

will  not  penetrate  the  secondary  coating  during  cleaning 
operations.  Ethanol  can  be  used  but  procedures  should 
require  a  one  hour  time  limit  on  exposure.  None  of  these 
solvents  should  be  used  when  they  will  remain  in  contact 
with  the  fiber  for  many  hours. 

Aging  and  Reliability 

Many  of  the  new  evolving  applications  for  optical  fibers 
involve  exposure  in  outdoor  equipment  where  the  fibers 
will  be  subjected  to  elevated  temperatures  and/or  humidity 
for  long  time  periods.  Tempieratures  inside 
telecommunications  equipment  can  be  as  high  as  68°C  in 
Yuma,  Arizona,  while  temperatures  of  40°C  at  relative 
humidities  over  70%  are  seen  in  Miami,  Florida.  Under 
these  conditions  the  urethane/acrylate  systems  used  in  fiber 
optic  coatings  can  degrade  thermally  (oxidation)  or  through 
attack  by  water  (hydrolysis). 

The  degradation  of  the  coating  materials  can  effect  fiber 
performance  in  several  ways: 

1.  Yellowing/Darkening  -  Changes  in  the  coating  color 
on  aging  can  result  in  the  loss  of  color  code 
identification  of  the  fibers. 

2.  Loss  of  Physical  Properties  -  Coating  degradation 
can  result  in  lowered  strip  force  and  tenacious 
residues  after  coating  removal,  added  susceptibility 
to  microbending  loss,  and  less  resistance  to  damage 
from  handling. 

3.  Loss  of  Adhesion  -  The  coating  can  delaminate  from 
the  fiber  resulting  in  handling  problems  and  exposure 
of  the  glass  surface  to  attack  by  water. 

In  order  to  design  coatings  for  resistance  to  oxidation,  we 
utilize  accelerated  testing  at  a  temperature  of  125°C.  We 
have  based  this  choice  on  a  typical  activation  energy  of  70 
kJ/mole  for  urethane/acrylate  materials.  Based  on  the 
Arrhenius  function. 
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In  (t2/ti)  = 


R 


T, 


(7) 


where  t2  and  ti  are  aging  times  at  temperatures  T2  and  Tj 
in  degrees  Kelvin,  respectively,  E.  is  the  activation  energy, 
and  R  is  the  gas  constant,  we  can  calculate  that  35  days  at 
125°C  roughly  simulates  30  years  at  40°C.  Although  this 
test  does  not  give  an  accurate  determination  of  lifetime,  it 
has  been  very  useful  in  comparing  candidate  coating 
materials  for  oxidative  stability. 

In  the  case  of  hydrolytic  aging,  both  temperature  and 
humidity  must  be  considered.  Typically,  the  time  to 
degradation  can  be  expressed  as 


exp  -  (EJRT) 
[H2O] 


(8) 


which  can  be  expressed  as 

lnt  =  -Ea/RT-ln[H20]  +  C  (9) 

where  E,  is  the  activation  energy  for  hydrolysis,  C  is  a 
constant  and  [H2O]  is  the  water  concentration.  Equations 
of  this  form  have  been  previously  used  to  describe  the 
dme/temperatuie  dependence  of  degradation  of 
polybutylene  terephthalate.^'^’***  Using  a  typical  activation 
energy  of  -  40  kJ/mole  to  describe  the  behavior  of 
urethane/aciylate  systems  in  hydrolysis,  we  calculate  that 
77  days  of  aging  at  95°09S%  RH  roughly  simulates  30 
years  at  40®C  and  70%  RH.  As  with  the  oxidative  test 
described  above,  this  test  method  is  very  useful  for 
comparative  coating  design. 
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Using  these  accelerated  tests,  we  compared  the  color 
changes  of  two  coatings  exposed  to  these  conditions  as 
shown  in  Figures  14  and  IS.  Coating  C  shows  much  more 
severe  color  changes  than  Coating  A.  Significant  problems 
in  fiber  identification  may  occur  with  Coating  C  in  outdoor 
applications. 

The  effect  on  physical  properties  under  these  same 
exposure  conditions  is  shown  in  Figures  16  and  17. 
Coatings  B  and  C  show  major  changes  in  both  strip  force 
and  adhesion  after  aging  at  95°C/95%  RH.  In  fact, 
degradation  is  so  severe  after  -  35  days  that  adjacent  coils 
of  Fiber  B  stuck  to  each  other,  and  could  not  be  separated 
for  testing.  The  same  occurred  with  Fiber  C.  Evaluation  of 
the  strippability  of  several  fibers  after  aging  showed  that  no 
problem  exists  in  the  formation  of  tenacious  residues  after 
aging  at  125°C  for  all  coatings  tested  (Coatings  A,  C  and 
E)  exhibiting  no  problems  on  ferrule  insertion.  After  aging 
at  95°CJ95%  RH,  Coatings  A  and  E  stripped  easily  (Figure 
18).  However,  Coating  C  had  severe  residues  after 
stripping  and  small  tenacious  residue  areas  after  wiping 
(Hgure  19)  such  that  ferrule  insertion  was  no  longer 
possible. 

Delamination  behavior  of  the  coatings  was  examined  by 
exposing  fibers  at  95%  RH  and  temperatures  ranging  from 
RT  to  95°C  (Figure  20).  A  wide  range  of  behavior  was 
observed.  Coating  A  exhibited  no  delamination  even  after 
200  days  at  95°C/95%  RH.  Coating  F  delaminated  within 
30  days  at  60°Cy95%  RH,  and  Coating  D  delaminated  in 
three  days  at  RT/95%  RH.  Delamination  as  observed  in 


FIGUC  16.  EFFECT  OF  AGING  ON  NECHANICAL  STRIPFORCE 
FOR  DUAL  COATED  FIBER  AGED  AT  95C/95X  RH 


DAYS  EXPOSED 


FIGURE  17.  EFFECT  OF  AGING  ON  PUUOUT  FORCE 

FOR  DUAL  COATED  FIBER  AGED  AT  9BC/98S  RH 
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COAT»4G  A  AS  STRIPPED 


COATING  A  ALCOHOl  WIPED 


FIGURE  18.  STRIPPING  RESIDUES  -  HYDROLYTICALLY  STABLE 
FIBERS  AGED  84  DAYS  AT  9S°C/9S%RH 


COATING  C  AS  STRPPEO  COATING  C  ALCOHOt  WIPED 

FIGURE  19.  STRIPPING  RESIDUES  •  HYDROLYTICALLY  STABLE 
FIBERS  AGED  84  DAYS  AT  95°C/9S%RH 


Fibers  D  and  F  can  result  in  glass  strength  degradation  and 
handling  problems  since  the  coating  comes  off  the  fiber 
easily. 

Degradation  of  optical  fiber  coatings  in  installations  where 
elevated  temperatures  and  humidity  are  encountered  can 
result  in  loss  of  colored  fiber  identification,  coating 
removal  problems,  and  delamination  of  the  coating  from 
the  glass.  Accelerated  aging  tests  can  be  used  to  design 
coatings  that  age  well  and  minimize  the  chances  of 
problems  occurring. 


Summary 

As  fiber  optic  applications  continue  to  evolve,  fibers  are 
subjected  to  ever  increasing  performance  demands.  Coated 
fibers  are  required  to  provide  uninterrupted  low 
transmission  loss  while  being  exposed  to  elevated 
temperatures  and  humidity,  increased  solvent  exposure,  and 
increased  handling  during  installation  and  rearrangement. 
The  fibers  must  remain  identifiable,  retain  strength, 
maintain  adhesion  of  the  coating  to  the  glass,  and  resist  the 
solvents  and  solutions  that  are  used.  To  design  coatings  for 


FIGURE  20.  RELATIVE  DELAMINATION  BEHAVIOR  OF 
THREE  OPTICAL  FIBERS 


this  level  of  performance,  we  utilize  results  from 
accelerated  tests  to  select  the  coating  candidates  that  will 
give  the  desired  performance.  We  have  presented 
techniques  for  evaluation  of  coating  performance  in  the 
critical  areas  of  strippability,  strength  retention,  solvent  and 
solution  resistance,  and  aging  and  reliability. 
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Application  of  FT-IR  to  the  cure  degree  measurement 
of  UV  curable  optical  fiber  coating 

A.Mizutani  D.Saitho  S.Endo  N.Yoshioka 

SUMITOMO  ELECTRIC  INDUSTRIES.  LTD. 
l.Taya-cho.  Sakae-ku.  Yokohama.  Japan 


Abitraet 

Detailed  study  on  FT-IR  ATR(Attenuated  Total 
RefiectanceJmethod  for  the  cure  degree  measurement 
demonstrated  that  ATR  gave  better  sensitivity 
and  reproducibility  than  conventional  extraction 
and/or  modulus  measurement.  Depth  dependence  of 
cure  degree  along  the  radial  direction  of  fiber 
coating  showed  that  ATR  surface  measurement  of 
2  50  /i  m  coated  fiber  represented  the  cure  degree  of 
entire  coating.  even  though  measured  portion  had 
only  a  few  microns  thin  layer  at  the  surface. 

ATR  technique  can  be  used  for  the  cure  degree 
measurement  of  thin  UV  inked  layer  as  a  further 
appl icat ion. 

litraMiftlai 

UV  curable  coating  systems  are  widely  used  for 
the  protective  coating  of  the  optical  fiber  with 
very  fast  polymerization  process.  The  properties 
of  the  cured  coating,  that  must  protect  the 
glass  fiber  from  mechanical  and  chemical  attacks, 
strongly  depend  on  the  cure  degree. 

Therefore,  several  techniques  for  measuring  the 
cure  degree  of  optical  fiber  coating  have  been 
proposed  and  evaluated.  (1)  Among  those,  the 

methods  measuring  the  amount  of  extractives  and/or 
elastic  modulus  of  the  coating  have  been  well 
known  for  determining  the  cure  degree  of  coating, 
although  these  methods  take  a  rather  long  time  for 
sample  preparations  and  measurement,  and  only  give 
insufficient  accuracy.  In  the  actual  manufacturing, 
there  has  been  an  urgent  requirement  for  more 
convenient  and  accurate  method  to  determine 

the  cure  degree  of  optical  fiber  coating. 

FT-IR  ATR  method  gives  us  useful  information 
about  the  fiber  coating  without  complicated  sample 
pretreatment, (2)  and  the  potentiality  of  applying 


this  method  to  the  cure  degree  measurement  has 
been  demonstrated  in  the  previous  study. (1)  It  can. 
however,  measure  only  a  few  micron  layer  of  the 
outer  surface.  To  clarify  the  relation  between 
the  cure  degrees  at  the  coating  surface  and  the 
inner  portion,  we  examined  the  depth  dependence 
of  the  cure  degree  of  thin  film  samples. 

Then,  we  applied  FT-IR  ATR  method  to  the  actual 
250  /tm  coated  fiber  and  compared  the  results  with 
the  conventional  extraction  and  modulus  measure¬ 
ments.  Furthermore,  the  application  to  the  cure 
degree  measurement  of  very  thin  UV  ink  layer  of 
colored  fiber  was  studied  as  well. 

liMrtiHUl 

In  the  curing  process  of  the  UV  curable  resin, 
the  double  bond  in  the  acrylate  group  is  converted 
to  the  three  dimensional  network  through  the 
crosslinking  reaction.  The  double  bond  content 
decreases  with  increasing  the  cross  linking 
reaction.  IR  method  measures  the  residual 
unreacted  double  bond  content  through  the  IR 
absorbance  spectrum.  In  this  study.  We  used  the 
peak  area  ratio  of  the  double  bond  peak  at  around 
SlOcm'’  to  the  constant  peak  that  was  not  affected 
by  the  cross  linking  reaction,  as  a  parameter. 

The  ratio  decreases  with  the  increase  of  the 
cure  degree.  We  used  FT-IR  spectrometer  (model 
FTS-40. Bio-Rad,  USA).  45°  ZnSe  crystal  for  ATR, 
and  IR  microscope  (  model  UMA-300,  Bio-Rad,  USA) 
for  measuring  double  bond  content  at  the  inner 
portion  of  the  fiber  coating  with  10~20/rm 
thickness  sliced  coating.  With  the  conveyer 
type  UV  irradiator,  we  prepared  30// m  thickness 
film  samples  which  had  the  sane  thickness  as 
the  secondary  layer  of  the  fiber  coating,  and  put 
them  on  the  ZnSe  crystal  directly.  For  the 
actual  fibers,  Z0~30  fiber  peaces  were  put 
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together  on  the  crystal  in  the  manner  that  each 
fiber  »as  aligned  side  by  side.  In  addition.  the 
tensile  modulus  and  extractives  measurements 
were  conducted  to  ensure  the  sensitivity  of  the 
KT-IB  method.  For  the  tensile  modulus  measurement, 
*e  took  specimens  by  peeling  the  coating  material 
from  the  actual  fibers.  The  fiber  coating  was 
extracted  by  MEK  (Me t hy 1 -E thy  1 -Ketone)  for  the 
extractives  measurement.  The  actual  fiber  samples 
were  manufactured  with  changing  the  fiber  drawing 
speed  and  UV  irradiation  conditions. 


lasilt  aid  llaaaaalaa 

Fiber  cost  ins  The  UV  dose  dependences  of  the 

unreacted  double  bond  content  at  the  UV  irradiated 
surface  and  opposite  side  of  the  30txm  thickness 
film  samples  are  shown  in  Pig. 1.  Both  UV  dose 
dependences  show  almost  similar  values  and  the 
same  tendency  that  the  unreacted  double  bond 
content  decreased  with  increasing  the  UV  dose  rate. 
Since  the  30txm  film  samples  had  the  same 
thickness  as  the  secondary  layer  of  250  /xm  coated 
fiber,  we  anticipated  there  was  no  major 
difference  of  the  residual  unreacted  double  bond 
content,  that  should  represent  the  cure  degree, 
between  the  outer  surface  of  the  fiber  coating 
and  the  boundary  portion  near  the  primary  layer. 

Then,  we  confirmed  this  through  the  measurement 
results  for  the  actual  fiber  shown  in  Fig. 2. 


1.0  2.0 
UV  dose(J/cm^) 


Figl.  UV  dose  dependence  of  unreacted 
double  bond  content  at  both 
sides  of  sheet  samples  measured 
by  ATR 


The  surface  unreacted  double  bond  content  of  the 
actual  fiber  coating  measured  by  .4TR  method 
are  almost  the  same  as  those  of  the  inner  portion 
measured  by  IR  microscope  with  the  similar  UV  dose 
dependence,  and  the  difference  is  small  enough 
to  evaluate  the  cure  degree  of  the  fiber  coating. 

These  results  indicate  that  the  cure  degree 
measured  by  FT-IR  ATR  method  can  represent  that 
of  the  entire  coating  and  FT-IR  ATR  method  can 
be  used  as  a  characterization  method  of  the  cure 
degree  of  the  fiber  coating. 

Pig. 3.  (A)  and  (B)  show  the  comparison  between 
the  FT-IR  ATR  method  and  conventional  tensile 
modulus  and  extractives  measurements.  The  result 
measured  by  FT-IR  ATR  method  well  correlates 
with  the  conventional  methods  with  the  better 
sensi t ivi ty. 


UV  dose(J/cni^) 


Fig. 2  UV  dose  dependence  of  unreacted  double 
bond  content  at  the  outer  surface  and 
the  inner  portion  of  fiber  coatings 
measured  by  ATR  and  IR  microscope 


(A)  ATR  and  extraction  (6)  ATR  and  tensile  modulus 

Fig. 3  Comparison  of  cure  degree  measurraents 
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FT-IR  ATR  nethod  doesn’t  need  the  conplicated 
sample  pretreatment  such  as  a  humidity  control 
in  the  tensile  modulus  measurement  and  it  takes 
only  around  a  score  of  minute  which  is  fairly 
shorter  than  the  extractives  measurement.  We  think 
that  FT-IR  ATR  is  suitable  to  the  actual 
manufacturing  for  the  evaluation  of  ttn  cure 
degree  of  the  fiber  coating. 

Colored  fiber  UV  curable  inking  is  now 

popularly  used  for  the  identification  purpose, 
and  conventional  methods  can't  be  applied  to  the 
cure  degree  measurement  of  the  very  thin  ink  layer 
because  they  measure  total  properties  including 
both  the  ink  and  the  coating.  We  also  applied 
FT-IR  ATR  technique  to  the  ink  layer  of  the  UV 
ink  colored  fiber.  As  shown  in  Fig. 4.  cured  ink 
films  of  the  5~10//m  thickness  show  the  similar 
UV  dose  dependence  of  the  unreacted  double 
bond  content  to  the  fiber  coating  in  the  way 
double  bond  content  decreased  with  increasing 
the  UV  dose.  The  measurement  results  of  the 
actual  colored  fibers  show  the  similar  UV  dose 
dependence  t'^  the  film  samples  with  good  re¬ 
producibility  as  the  fiber  coating,  shown  in  Fig.  5. 

Consequently,  FT-IR  ATR  method  can  be 
applicable  to  the  evaluation  of  the  cure  degree 
at  the  ink  layer  of  the  UV  curable  ink  colored 
fiber  with  no  influences  of  the  fiber  coating. 


0  0.5  1.0 

UV  do»»(J/cmM 


Fig. 4  UV  dose  dependence  of  unreacted  double 
bond  content  of  the  cured  UV  ink  film 
measured  by  ATR 


CaamlimlH 

We  examined  the  FT-IR  ATR  method  as  a 
measurement  tool  of  the  cure  degree.  The  results 
of  the  fiber  coating  measured  by  FT-IR  ATR  method 
showed  the  rational  UV  dose  dependence  with 
better  sensitivity  and  r  ep’^oduc  i  b  i  1  i  t  y  than  the 
conventional  tensile  modulus  and  extraction 
measurement.  The  simple  measurement  procedure  of 
FT-IR  ATR  provides  us  the  easy  and  convenient 
in-process  evaluation  method  of  the  cure  degree 
and  suitable  tool  to  the  actual  manufacturing. 
Furthermore,  we  confirmed  FT-IR  ATR  method  to  be 
applicable  to  the  cure  degree  measurement  of 
thi,  UV  curable  ink  coloring  layer  whi.,1.  has 
been  difficult  to  be  accurately  evaluated  by 
conventional  method  due  to  its  thin  thickness  and 
composite  system  with  the  fiber  coating. 
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Relative  UV  dose (I amp  power/ line  speed) 

Fig. 5  UV  dose  dependence  of  un reacted 
double  bond  content  of  the  UV 
curable  ink  colored  fiber(white) 
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ABSTRACT 

Ultra-violet  (UV)  curable  materials 
based  on  acrylate  chemistry  are  widely 
used  as  coatings  for  optical  fibers.  These 
materials  are  useful  because  they  are 
easy  to  adapt  to  the  fiber  coating 
process.  Over  the  years  much  effort  has 
been  directed  at  improving  properties, 
especially  the  low  temperature  mechanical 
properties  of  primary  coatings  and  the 
environmental  stability  of  coatings  in 
general.  More  recently,  as  draw  speeds 
have  increased,  a  need  has  developed  for 
materials  that  cure  at  faster  rates  than 
available  with  acrylate  technology.  This 
paper  discusses  a  new  UV  cure  technology 
as  applied  to  coatings  for  optical  fiber. 
These  new  materials  are  based  on 
crosslinking  through  a  vinyl  ether  linkage 
as  opposed  to  an  acrylate  linkage.  Data 
are  presented  which  show  how  these  new 
compounds  compare  with  acrylates  in  terms 
of  physical  properties  and  cure  rate.  In 
addition  some  limited  results  of  fiber 
coating  studies  are  presented. 


INTRODUCTION 

Glass  optical  fibers  require 
protective  coatings'  to  protect  the  fiber 
from  physical  damage  and  to  buffer  the 
fiber  from  "microbending"  induced  optical 
loss.  In  order  to  accomplish  these  ends, 
two  coatings  are  frequently  applied  to  the 
fiber;  a  low  modulus  primary  coating  for 
microbending  protection,  and  a  stiff 
secondary  coating  for  mechanical 
protection.  The  coatings  are  applied  to 
the  fiber  in-line  during  fiber  drawing. 
These  coatings,  like  other  materials  used 
in  the  manufacture  of  telecommunications 
cable,  must  be  functional  over  a  broad 
temperature  range  (i.e.  -40  °C  to  80  °C) 
for  periods  of  from  20  to  40  years. 


Ultra-violet  (UV)  curable  materials 
based  on  acrylate  chemistry  have  been 
widely  used  as  coating  materials  because 
they  can  be  applied  and  cured  at  high  draw 
rates.  Although  these  compounds  have 
proven  extremely  functional,  the  state  of 
fiber  drawing  technology  may  soon  require 
higher  cure  rate  capability  than  is 
available  with  acrylate  chemistry.  In 
addition,  it  is  often  difficult  to  obtain 
low  glass  transition  temperature  (Tg) 
primary  coatings  with  acrylates. 

The  subject  of  this  paper  is  UV 
curable  coatings  based  on  vinyl  ether 
rather  than  acrylate  chemistry.  Vinyl 
ether  coatings  differ  chemically  from 
acrylate  coatings  primarily  in  the 
reactive  group  through  which  crosslinking 
takes  place.  The  balance  of  the  chemistry 
is  very  similar  to  that  of  acrylate 
materials.  For  example,  the  chemistry  of 
the  oligomers  in  terms  of  the  molecular 
building  blocks  between  the  reactive 
groups  can  be  the  same  for  both  types  of 
coatings.  However,  this  difference  in  the 
reactive  group  has  a  number  of  profound 
beneficial  effects  on  coating  properties. 
These  new  coatings  offer  significant 
advantages  with  respect  to  cure  speed  and 
ease  of  obtaining  low  modulus  primary 
coatings  at  -40  °C.  This  paper  discusses 
the  general  principles  of  vinyl  ether 
chemistry,  physical  properties  generally 
associated  with  fiber  performance,  coating 
stability,  limited  results  from  studies  of 
coated  fiber  and  finally  plans  for  future 
work, 

VINYL  ETHER  CHEMISTRY 


CURING  OF  VINYL  ETHER.S 

The  major  difference  between 
acrylates  and  vinyl  ethers  is  their  cure 
mechanism.  Acrylates  cure  radically  while 
vinyl  ethers  cure  cationically .  This 
difference  manifests  itself  primarily  in 
cure  speed,  cure  dose,  resin  matrix 
effects  during  curing,  susceptibility  to 
impurities,  and  dark  cure. 


International  Wire  &  Cable  Symposium  Proceedings  1992  253 


The  key  component  of  a  cationic 
curing  system  is  an  acid  generating 
photoinitiator.  The  best  known  classes  of 
photoacid  initiators  are  diaryl  iodonium 
salts  and  triaryl  sulfonium  salts.  These 
materials  liberate  strong  acids  upon  UV  or 
EB  irradiation.  This  strong  acid  is 
capable  of  catalyzing  cationic 
polymerization  reactions . 

The  high  reactivity  of  vinyl  ethers 
in  cationic  polymerization  is  a 
consequence  of  the  electron  rich  nature  of 
the  carbon-carbon  double  bond.  Resonance 
structures  may  be  drawn  which  illustrate 
the  stabilization  of  the  resulting 
carbocation  (Eq  1). 

R'*'  +  CH2  =  CH-0-R'  ->  R-CH2-CH'*'-0-R  <->  RCM2  CH  =  0+  R'  (II 


Differential  photocalorimetry  (DPC) 
is  a  convenient  method  to  illustrate  the 
high  reactivity  of  vinyl  ethers  relative 
to  other  photoinitiated  systems.  DPC 
measures  the  heat  evolved  by  the  UV 
induced  polymerization  reaction.  Figure  1 
shows  conversion  as  a  function  of  time  for 
triethyleneglycol  divinyl  ether  (DVE-3).  A 
triacrylate  monomer  ( trimethylopropane 
triacrylate)  and  a  bis  cycloaliphatic 
epoxy  monomer,  3,4-epoxycyclohexylmethyl- 
3' 4'-epoxycyclohexane  carboxylate  (BCE) 
are  also  shown  for  comparison.  The  vinyl 
ether  reached  high  conversion  in  less  than 
30  seconds.  The  acrylate  showed  the  next 
highest  polymerization  rate.  The 
cycloaliphatic  epoxy  monomer  showed  the 
slowest  polymerization  rate  of  these 


FIGURE  1 .  Percent  Cure  Versus  Time,  0.7 
second,  60  uW/cm^  UV  exposure  @  35  °C. 
Conversion  has  been  corrected  based  on 
literature  values  of  polymerization 
enthalpy.  (Ref.  4;  ®trlethyleneglycol 
divinyl  ether;  “trimethylolpropane 
trlacrylate;  ^3, 4-epoxycyclohexylmethyl- 
3' 4 '-epoxycyclohexane  carboxylate) . 


three  systems  by  DPC.  The  divinyl  ether 
monomer  also  reached  the  highest 
conversion  under  these  conditions.^  The 
high  conversion  of  the  vinyl  ether  may  be 
attributed  to  its  high  reactivity  and  also 
the  relatively  low  Tg  of  the  resulting 
polymer,  which  will  minimize  the  effect  of 
matrix  vitrification. 

VINYL  ETHER  FUNCTIONALIZED  MONOMERS  AND 
OLIGOMERS 

In  principle  it  is  possible  to 
produce  vinyl  ether  based  formulations  in 
which  the  oligomeric  spacers  are  identical 
to  those  in  acrylate  formulations.  While 
the  same  general  trends  in  coating 
properties  may  be  expected  within  each 
series,  significant  differences  may  be 
observed  in  the  vinyl  ether  and  acrylate 
based  systems.  One  reason  for  the 
difference  in  properties  is  the  difference 
in  the  structures  in  the  newly  formed 
polymer  chains.  Acrylates  produce  a  C-C 
backbone  with  pendant  ester  groups  w.'iile 
vinyl  ethers  produce  a  C-C  backbone  with 
pendant  ether  groups.  Even  if  the 
substituent  (R)  was  the  same  in  both 
polymers,  different  properties  would  be 
expected.  The  acrylate  backbone  is 
generally  rigid,  while  more  flexibility  is 
expected  in  a  polyvinyl  ether  backbone.^'” 
The  vinyl  ether  terminated  coatings  would 
therefore  be  expected  to  have  lower  Tg  and 
higher  flexibility. 


R  R 

0  0 

C=0  C=0 

-  ( CH-CH2 )  j^-CH-CH2- 

Polyacrylate 


R  R 

0  0 

- ( CH-CH2 ) n-CH-CH2- 

Polyvinyl  ether 


Vinvl  Ether  Terminated  Ester  Monomers 
Vinyl  Ether  terminated  esters  are  a 
versatile  class  of  materials  that  may  be 
prepared  by  the  reaction  of  hydroxyvinyl 
ether  monomers  with  carboxylic 
derivatives.  Multifunctional  carboxylic 
acid  derivatives  may  be  used  to  produce 
multifunctional  vinyl  ether  products 
(Eg  2). 

R  (CO-X)n  +  n  HO  R'-O  CH  =  CH2  ->  R  (COO  H’  O  CH*CH2)n  +  HX  (2) 
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Vinyl  Ether  Terminated  Urethane 
Oligomers  Vinyl  ether  terminated  urethanes 
are  a  class  of  compounds  that  may  be 
prepared  from  hydroxyvinyl  ether 
precursors.  These  materials  are  prepared 
by  the  reaction  of  hydroxyvinyl  ethers 
with  compounds  containing  isocyanate 
groups . °  The  alcohol  group  of  the 
hydroxyvinyl  ether  reacts  with  the 
isocyanate  to  form  the  desired  urethane 
linkage  (Eg  3). 


R-(NCO)n  +  n  HO-R'-0-CH  =  CH2  -->  R-(NHC00-R'-0-CH  =  CH2)n  (3) 


There  are  a  wide  variety  of  urethane 
prepolymers  that  can  be  used  to  form  vinyl 
ether  terminated  urethane  oligomers.  The 
prepolymers  are  formed  by  reacting  an 
excess  of  a  diisocyanate  with  an 
oligomeric  polyol.  Polyethers  and  hydroxy 
terminated  polyesters  are  the  most 
commonly  used  polyols.  The  resulting 
prepolymers  have  unreacted  terminal 
isocyanate  groups  which  are  then  end- 
capped  with  hydroxyvinyl  ether. 


CURE  PROPERTIES  OF  VINYL  ETHER  COATINGS 

As  described  above,  the  cure  of  vinyl 
ether  (VE)  coatings  is  cationically 
initiated.  Typically  full  cure  requires  a 
dose  of  from  about  0.25  to  0.5  J/cnr.  This 
value  compares  with  exposure  requirements 
for  acrylates  of  0.5  to  1.0  3/cttr  for 
secondary  coatings  and  higher  for  primary 
coatings.  Examples  of  vinyl  ether  cure 
behavior  are  given  in  Figures  2  and  3 
where  the  tensile  modulus  of  the  primary 
and  secondary  vinyl  ether  coatings 
respectively  are  shown  as  a  function  of 
cure  dose.  Curing  for  all  studies  unless 
otherwise  noted  was  done  with  a  Fusion 
Systems  H  bulb  (6  inch,  300  watt/inch) 
under  a  nitrogen  blanket.  The  cure  dose 
was  measured  with  a  UVPS  compact 
radiometer. 

As  can  be  seen,  full  cure  of  the 
vinyl  ether  primary  coating  is  attained  at 
a  dose  of  only  about  0.3  joules/cm^.  Full 
cure  of  the  secondary  coating  requires  a 
dose  of  approximately  0.6  joules/cm^. 
Other  vinyl  ether  secondary  coatings  have 
been  cuMd  at  doses  of  about  0.25 
joules/cm^. 


FIGURE  2.  Modulus  Versus  Cure  Dose,  Vinyl 
Ether  Primary  Coating  @  25  °C,  50%  RH 


PHYSICAL  PROPERTIES  OF  COATINGS  FIGURE  3.  Modulus  Versus  Cure  Dose,  Vinyl 

Ether  Secondary  Coating  @  25  °C,  50%  RH 

The  property  ranges  for  a  number  of 
vinyl  ether  coatings  are  shown  in  Table  I. 

Data  for  the  acrylate  coatings  given  in 
Table  2  were  taken  from  reference  9  and 
are  not  meant  to  represent  the  limits  of 
acrylate  technology. 
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TENSILE  PROPERTIES 

These  data  indicate  that  the  tensile 
properties  at  25  °C  of  vinyl  ethers  are 
similar  to  those  of  acrylate  compounds. 
However,  because  properties  such  as 
modulus  can  vary  greatly  with  humidity, 
it  is  difficult  to  make  precise 
comparisons  unless  humidity  conditions  are 
identical.  Further  discussion  of  the 
effect  of  humidity  on  tensile  properties 
may  be  found  in  the  Environmental 
Stability  section. 


MECHANICAL  ANALYSES 

With  respect  to  glass  transition 
temperature,  one  would  expect  lower  Tgs 
for  vinyl  ethers  than  for  acrylates.  As 
previously  stated,  the  ether  linkage  in 
vinyl  ethers  is  inherently  more  flexible 
than  the  ester  linkage  found  in  acrylates. 
Therefore,  primary  coatings  with  very  low 
glass  transition  temperatures  as  shown  in 
Table  I  are  relatively  easy  to  obtain  with 


TABLE  I 

VINYL  ETHER  PROPERTY  RANGE 


PROPERTY 

PRIMARY 

SECONDARY 

COATING 

COATING 

Tensile  3  50%  RH.  25  C 

(0.5  cure  dose) 

Modulus,  MPa 

1.5 

- 

2.0 

325  - 

750 

Break  Strength,  MPa 

1.5 

_ 

1  .7 

16  - 

34 

Elongation,  % 

50 

150 

16  - 

26 

Glass  Trans.  Temo. .  C 

@  1%  RH 

by  DMA  @  4  Hertz 

Knee  of  Curve 

-37 

- 

-19 

42  - 

50 

Tan  Delta  Max. 

-25 

- 

-4 

65  - 

67 

by  TMA  (1%  RH) 

-45 

- 

-23 

34  - 

70 

Coefficient  of  Exoansion 

@  1%  RH,  in/(in  x  °C)  x  10' 

'6 

below  Tg 

a 

26  - 

34 

above  Tg 

580 

- 

595 

279  - 

285 

Viscosity  @  25  C,  noise 

60 

- 

100 

45  - 

90 

Water  Absorotion.  % 

1.3 

- 

2.1 

1  .6  - 

2.5 

a.  Insufficient  range  below 

.  Tg 

to  determine 

vinyl  ether  technology.  As  a  further 
explanation  of  the  Tg  data,  the  Tg  for  the 
DMA  data  corresponds  to  the  maximum  in  Tan 
Delta.  For  the  TMA  data,  the  Tg  is  based 
on  an  extrapolation  of  the  expansion  data. 

The  limited  coefficient  of  expansion 
data  indicates  that  the  two  types  of 
coatings  are  comparable  in  that  respect. 
Likewise,  the  viscosity  ranges  of  vinyl 
ethers  and  the  acrylates  are  similar. 


WATER  ABSORPTION 

The  water  absorption  data  show  that 
the  vinyl  ethers  coatings  developed  to 
date  are  generally  lower  in  that  property 
than  typical  acrylate  compounds.  This 
difference  is  potentially  important  since 
the  brittle  fatigue  failure  of  glass  is 
accelerated  by  the  presence  of  moisture. 
Other  properties  such  as  modulus  are  also 
dependent  on  the  level  of  water  present  in 
the  coating.  (See  the  Environmental 
Stability  section  below.) 


TABLE  II 

PROPERTIES  OF  ACRYLATE  COATINGS 


PROPERTY 

PRIMARY 

SECONDARY 

COATING 

COATING 

Tensile  @  50%  RH.  25  C 

Modulus,  MPa 

2.1 

-  2.8 

600  - 

1035 

Break  Strength,  MPa 

1.9 

-  4.1 

25  - 

38 

Elongation,  % 

125 

-  200 

16  - 

30 

Glass  Trans.  Temn. .  C 
by  TMA 

-32 

-  +10 

50  - 

60 

Coefficient  of  Exnansion 
by  TMA,  in/in/  °C  x  10“^ 

below  Tg 

80 

-  200 

10  - 

210 

above  Tg 

280 

-  420 

190  - 

910 

Viscosity  3  25  C.  cns 

87 

-  105 

50  - 

130 

Water  Absorotion.  % 

2.6 

-  8.0 

2.5  - 

5.7 
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ENVIRONMENTAL  STABILITY 

The  environmental  stability  data 
consists  of  the  determination  of  modulus 
as  a  function  of  relative  humidity  and 
thermal  stability  data. 


HUMIDITY  EFFECTS 


The  modulus  versus  humidity  data  are 
given  in  Figures  4  and  5.  As  can  be  seen 
from  Figure  4,  the  tensile  modulus  is 
strongly  dependent  on  the  moisture  content 
for  both  vinyl  ether  and  acrylate 
secondary  coatings.  Figure  5  indicates  a 
similar  effect  with  primary  coatings,  but 
to  a  lesser  degree.  The  smaller  influence 
with  the  primary  coatings  is  likely 
related  to  a  lower  solubility  of  water  in 
the  primary  coating  relative  to  the 
secondary  coating.  Although  not  shown, 
increasing  humidity  decreases  break 
strength  and  increases  elongation.  Based 
on  these  data,  one  can  see  that  it  is 
extremely  important  to  specify  the 
humidity  when  citing  tensile  properties. 


RELATIVE  HUMIDITY,  % 
o  VINYL  ETHER  <>  ACRYLATE 


FIGURE  5  ■  Modulus  Versus  Relative  Humid., 
Primary  Coatings  §  25  °C 


THERMAL  STABILITY 


RELATIVE  HUMIDITY,  X 
o  VINYL  ETHER  ■>  ACRYLATE 


FIGURE  4.  Modulus  Versus  Relative  Humid., 
Secondary  Coatings  @  25  °C 


In  terms  of  thermal  stability,  both 
primary  and  secondary  vinyl  ether  coatings 
were  evaluated  with  respect  to  hydrogen 
generation,  oxidation  onset  temperature, 
weight  loss,  and  mechanical  stability. 


HYDROGEN  GENERATION 

The  hydrogen  generation  after  aging 
for  48  hours  at  1 00  ®C  for  the  various 
vinyl  ether  coatings  are  shown  in  Table 
III.  These  data  are  higher  than  those 
reported  for  acrylates  in  reference  9  (0.2 
-  0.6  ul/g  for  primary  coatings  and  0.5  - 
1.5  for  secondary  coatings  aged  24  hours 
at  80  °C).  However,  because  the  aging 

conditions  are  different  for  the  vinyl 
ether  and  acrylates  coatings,  direct 
comparisons  are  not  valid. 


OXIDATION  ONSET  AND  WEIGHT  LOSS 

The  Oxidation  Onset  and  Weight  Loss 
data  are  also  given  in  Table  III.  As  a 
point  of  reference,  commercial  primary  and 
secondary  acrylate  coatings  exhibited 
Oxidation  Onset  temperatures  of  240  °C  and 
279  °C  respectively,  and  7  day  Weight  Loss 
at  125  °C  of  7.4  %  and  3.7  % 
respectively.  It  should  also  be 
particularly  noted  that  there  was  no 
discoloration  of  coatings  B  and  D  after  7 
days  at  125  °C.  Color  changes  for  the 
acrylate  coatings  were  intermediate 
between  the  ranges  observed  for  the  vinyl 
ether  coatings.  Since,  performance  in 
these  tests  is  very  much  dependent  on 
stabilization  packages,  work  in  this  area 
is  continuing. 
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TABLE  III 

THERMAL  STABILITY  DATA 


PRIMARY 

SECONDARY 

COATING 

PROPERTY 

A 

B 

C 

D 

Hvdroaen  Generation,  ul/a 

1  .8 

1.9 

4.8 

3.0 

(48  hours  @  100  “c) 

Onset  of  Oxidation. 

(TGA  @  5  C/min.,  air) 

Temperature,  C 

262 

270 

248 

258 

Wt.  Loss  at  Onset,  % 

7.4 

2.1 

4.4 

3.2 

Weiaht  Loss  @  125  C. 

%  by  wt. 

1  day 

5.4 

2.4 

2.8 

2.5 

7  day 

8.0 

3.8 

4.4 

3.7 

Discoloration.  Yellow  none  L.Yel  none 

7  days  @  125  °C 


MECHANICAL  STABILITY 

The  glass  transition  temperatures  for 
vinyl  ether  coatings  A  and  C  were  also 
measured  after  aging  for  21  days  at  80  °C. 
The  increases  in  the  Tg  for  the  primary 
and  secondary  coatings  relative  to  the 
unaged  materials  were  5  °C  and  1  °C 
respectively. 


FIBER  COATING  STUDY 

In  order  to  evaluate  coating  process 
variables,  fiber  coating  experiments  were 
conducted  at  Rutgers  University  at  the 
Fiber  Optics  Materials  Research  Program 
Laboratories.  The  fiber  was  drawn  from 
high  quality  glass  rods  as  opposed  to 
optical  quality  preforms.  The  coatings 
were  applied  in-line  with  drawing  using 
separate  applicators  for  the  primary  and 
secondary  coatings.  One  Fusion  Systems 
curing  unit  was  located  between  the  two 
coating  applicators  and  a  second  curing 
unit  between  the  secondary  coating  station 
and  the  tractor  unit.  Each  station  had  one 
10  inch  long  300  watt/inch  D  bulb  for  a 
total  power  of  3000  watts.  In  the  first 
experiment,  vinyl  ether  coatings  were 
drawn  at  rates  from  1  m/sec  up  to  the 
limit  of  the  draw  tower  equipment,  3 
m/sec.  The  bare  glass  fiber,  primary 
coated  fiber,  and  total  coated  fiber 
diameters  were  125,  200,  and  250  microns 
respectively.  No  problems  were  encountered 
with  curing  of  the  coating  or  stability  of 
the  applied  coatings. 


The  residual  tack  of  the  coated 
fibers  were  examined  at  intervals  from  one 
hour  to  two  weeks  after  coating.  The 
method  of  examination  was  to  see  if  the 
fiber  would  freely  unwind  under  a  one 
meter  length  of  its  own  weight.  No 
problems  were  encountered,  although 
occasionally  a  slightly  greater  force  than 
the  weight  of  the  fiber  was  required  for 
the  3  m/sec  samples. 

In  a  second  experiment,  the  same 
vinyl  ether  coatings  and  a  set  of 
commercial  acrylate  coatings  were  used  to 
coat  fiber  drawn  from  a  high  quality 
synthetic  silica  rod  (Suprasil  from 
Heraeus  Amersil,  Inc.).  The  purpose  of 
this  test  was  to  obtain  fiber  for  a  long 
length  strength  evaluation.  The  draw  rate 
was  1  m/sec.  The  other  conditions  were  as 
described  above. 

The  long  length  strength  evaluation 
is  not  currently  complete  and  will  be 
reported  at  a  later  date.  However,  samples 
of  both  coated  fiber  types  were  evaluated 
for  onset  of  oxidation  as  described  in  the 
Environmental  Stability  section.  The  onset 
temperature  for  both  the  vinyl  ether  and 
the  acrylate  coated  fiber  were  found  to  be 
265  °C. 


CONCLUSIONS 

At  the  time  of  the  publication  cut¬ 
off  date,  work  was  continuing  in  the  areas 
of  formulation  and  stabilization  of  vinyl 
ether  coatings.  However,  even  in  the 
absence  of  completion  of  the  study  some 
conclusions  can  be  made. 

o  The  first  conclusion  is  that  a 
major  improvement  in  cure  rate  can  be 
expected  with  coatings  based  on  vinyl 
ether  chemistry  relative  to  those  based  on 
acrylate  chemistry. 


o  Secondly,  lower  primary  coating 
glass  transition  temperatures  can  be 
obtained  with  vinyl  ether  based  materials 
than  with  compounds  based  on  acrylate 
chemistry . 

o  With  respect  to  other  physical 
properties,  both  vinyl  ether  and  acrylate 
coatings  are  similar  in  behavior. 


Hydrogen  generation  is  an  area  where 
improvement  may  be  necessary.  That  work  is 
still  in  progress  as  are  studies  on 
thermal  hydrolytic  stability  and  fiber 
strength.  Coating  of  fiber  drawn  from 
optical  quality  preforms  are  also  planned 
for  Rutgers  University. 
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THE  EFFECT  OF  DRAWING  RATE  ON  MECHANICAL  PROPERTIES  OF  UV  CURABLE 
POLYURETHANE  ACRYLATE  COATINGS  FOR  OPTICAL  FIBER 


T.  Ukachi,  A.  Aoyama,  Y.  Naito,  and  K.  Igarashi 

Tokyo  Research  Laboratory  Japan  Synthetic  Rubber  Co.,  Ltd. 
3-5-1  Higashiyurigaoka  Asao-Ku,  Kawasaki  215,  Japan 


Abstract 

The  effect  of  draw  tower  rate  on  the  mechanical  film 
properties  of  ultraviolet  (UV)  curable  polyurethane  acrylates 
is  investigated.  In  a  tandem  dual  coating  system,  the  surface 
temperature  of  the  fiber,  after  being  coated  and  cured  with  a 
primary  layer,  was  measured  as  a  function  of  draw  rate  and 
fiber  cooling  distance.  It  was  found  that  the  secondary  layer 
is  coated  and  cured  at  rather  high  temperatures  and  that  the 
mechanical  properties  of  the  secondary  coating  are  strongly 
affected  by  the  curing  temperature.  Some  secondary  coatings 
show  drastic  change  in  their  Young's  modulus:  typically  from 
80  kg/mm2  to  220  kg/mm^  without  any  corresponding 
changes  in  degree  of  cure  as  measured  by  gel  fraction.  The 
relationship  between  cured  film  properties  of  coatings  and  the 
microstructure  of  polyurethane  acrylate  is  discussed  as  a 
function  of  curing  temperature  (drawing  rate). 

Introduction 

In  the  past  decade,  optical  fiber  telecommunication 
networks  have  developed  rapidly  both  in  quality  and  quantity. 
As  the  fiber  to  the  home  becomes  reality,  optical  fibers  will  be 
used  under  various,  rather  severe  conditions.  Relatively 
fragile  optical  glass  fibers  are  generally  coated  with  organic 
buffer  layers  to  prevent  mechanical,  chemical  and  weathering 
damage.  Ultraviolet  (UV)  curable  polyurethane  acrylates 
have  been  widely  used  to  protect  optical  fibers  because  of 
their  well  balanced  mechanical  properties  and  good  chemical 
and  weathering  resistance.  In  addition  to  these  properties,  the 
fast  cure  rate  of  UV  curable  coatings  results  in  high 
productivity  of  optical  fibers.  A  tandem  dual  coating  system 
has  been  employed  to  obtain  high  productivity  and  optimum 
coating  performance.  Depending  upon  the  design  of  the 
fibers,  the  dual  coatings  generally  consist  of  a  soft  inner 
(primary)  coating  and  a  hard  outer  (secondary)  one.  A  glass 
fiber  drawn  from  a  rod  of  fused  silica  mounted  at  the  top  of 
the  draw  tower  is  coated  by  pulling  the  fiber  through  two 
coating  cups.  The  first  and  the  second  coating  cups  contain 
the  liquid  primary  and  secondary  coatings,  respecyively 


(see  figure  1).  The  primary  coating  is  cured  as  it  pass  the 
curing  chamber  mounted  between  the  first  and  second  coating 
cups  and  the  secondary  coating  is  cured  as  it  passes  the 
second  curing  unit.  As  the  coated  fiber  passes  through  the 
first  UV  curing  unit,  the  temperature  of  the  coating  increases 
rapidly  from  the  radiation  emitted  by  the  UV  lamp  in  addition 
to  the  heat  of  polymerization  released  during  the  curing 
process  of  the  primary  layer.  Even  at  fast  drawing  speed,  it  is 
rather  difficult  to  keep  the  fiber  at  ambient  temperature  after 
being  cured  with  the  primary  layer  in  the  dual  coating  system. 
Hence,  the  secondary  layer  is  processed  at  rather  high 
temperatures. 

On  the  other  hand,  the  excellent  mechanical  properties  of 
polyurethane  acrylate  coatings  result  from  their  microscopic 
structure;  so  called  bulk  state  "hard  and  soft"  segment  phase 
separation.ni  Since  this  phase  separation  is  typically  an 
endothermic  process,  the  mechanical  film  properties  of  these 
coatings  are  highly  affected  by  the  temperature  of  the  coatings 
during  curing.^^^  An  additional  problem  when  the  coating 
temperature  is  high  is  the  potential  for  bubble  formation  in  the 
coating  due  to  vaporization  of  the  coating.t^] 

It  is,  therefore,  important  to  know  the  coating  temperature 
during  curing  and  how  the  draw  rate  affects  cured  film 
properties.  In  this  paper,  we  report  the  measurement  of  the 
temperature  of  optical  fibers  during  drawing  and  how  the 
curing  temperature,  or,  drawing  rate  may  affect  the  properties 
of  coatings. 

Experimental 
1)  Sample  Preparation 

Two  secondary  coatings,  H-1  and  H-2,  and  one  primary 
coating,  S-1,  are  employed  for  this  study.  Table  1  lists  the 
typical  liquid  and  cured  film  properties  of  these  coatings. 
Using  our  experimental  draw  tower,  illustrated  in  figure  1, 
fibers  were  prepared  using  the  three  different  coatings, 
changing  the  draw  rate  and  the  "cooling  distance"  which  is 
(tefined  as  the  fiber  travels  prior  to  entering  the  secondary 
coating  application  cup.  Fiber  was  drawn  from  a  fused  silica 
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rod  to  a  diameter  of  12S  and  cooled  to  ambient 
temperature  as  it  passed  through  a  cooling  unit.  The  outer 
diameter  of  the  primary  and  secondary  layer  was  controlled  to 
17S  ^m  and  220  ^m  ±  S  (tm,  respectively.  Each  respective 
single  UV  curing  unit  is  equipped  with  a  3.S  kw  metal-halide 
lamp.  The  temperature  of  the  liquid  secondary  coating  was 
thermostatically  controlled  to  the  desired  temperature  which 
varied  from  40  °C  to  80  °C. 

2)  Temperature  Measurements  of  the  Fiber  Surface 

During  drawing  the  temperature  at  the  surface  of  the 

primary  layer  was  measured  using  a  radiation  thermometer  as 
illustrated  schematically  in  figure  2.  Temperature  of  the 
surface  of  the  fiber  during  running  is  detected  by 
thermocouple  1  placed  close  to  the  fiber  surface.  The  gap 
between  the  themocouple  and  the  surface  of  the  coating  is 
adjusted  to  less  than  0.4  mm.  The  copper  heat-block  of  the 
thermometer  was  heated  to  reach  an  equilibrium  state  between 
the  thermocouple  1  and  2  which  indicates  the  temperature  of 
the  heat-block.  After  reaching  the  equilibrium  temperature, 
the  recoiding  of  thermocouple  2  represents  the  temperature  of 
the  surface  of  the  coating.  The  response  time  of  this  radiation 
thermometer  is  less  than  0.3  sec  and  the  accuracy  of  the 
measurement  of  the  temperature  is  better  than  ±  0.5  ®C. 

3)  Evaluation  of  the  coatings 

For  the  following  experiments,  specimens  were  prepared 
by  carefully  scraping  off  the  dual  layered  coatings  from  the 
glass  fibers.  In  order  to  evaluate  the  tensile  propenies,  such 
as  Young's  modulus,  the  specimen  was  clamped  in  a  tensile 
testing  machine  with  a  gauge  length  of  25  mm  and  extended  at 
a  rate  of  1  mm/min.  The  cross  section  of  each  specimen  was 
determined  by  measuring  the  cross  sectional  area  under  a 
microscope  after  the  fracture. 

Table  1.  Liquid  and  Cured  Film  Properties  of  Coatings 


S-l,H-l,andH-2. 

S-1 

H-1 

H-2 

Viscosity  at  25  °C 
cps 

3500 

6700 

6000 

Young's  Modulus 
kg/mm2 

0.10 

150 

152 

Tensile  Strength 
kgAnm^ 

0.27 

6.5 

6.0 

Tensile  Elongation 
% 

190 

10 

8 

Gel  Fraction 

90 

95 

95 

% 


Figure  1.  Schematical  drawing  of  the  experimental  draw 
tower.  The  hight  of  the  draw  tower  is  8  meter. 


Figure  2.  Schematical  drawing  of  the  radiation 
thermometer.  Thermocouple  1  is  placed  in  the  vicinity  of  the 
surface  of  the  running  fiber.  After  a  thermal  equilibrium  is 
reached  between  thermocouples  1  and  2,  temperature  of 
thermocouple  2  represents  the  temperature  of  the  fiber 
surface. 
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For  the  evaluation  of  the  dynamic  mechanical  response  of 
the  coatings,  twelve  dual  coated  fibers,  6  mm  in  length,  were 
bundled  in  a  linear  array  and  were  mechanically  bended  at  a 
rate  of  10  Hz  with  a  heating  rate  of  2  °C/min.  Temperature 
dependence  of  loss  tangent  (tan  S)  for  the  twelve  bound  fibers 
was  measured  and  evaluated  by  neglecting  the  effect  of  the 
existence  of  the  glass  fiber  core  because  the  glass  itself 
showed  no  significant  change  in  loss  tangent  at  this 
temperature  range,  -1(X)  °C  to  2(X)  °C. 

The  extent  of  cure  of  coatings  was  estimated  by  measuring 
the  methylethylketone  (MEK)  unextractable  content  (gel 
fraction).  A  specimen  was  extracted  by  refluxing  in  MEK  for 
a  period  of  12  hours  and  the  remaining  film  was  dried  to 
obtain  the  percent  unextractables.  Swelling  ratio  was  also 
measured  on  the  coatings  in  tetrahydrofuran  (THF)  to 
evaluate  the  extent  of  the  crosslinking  density  of  coatings. 
The  coated  fiber,  20  mm  in  length  was  soaked  in  THF  for  24 
hours  at  23  °C.  The  swelling  ratio  of  the  coating  was 
determined  by  the  ratio  of  the  length  of  the  swollen  coating 
and  that  of  the  original  one. 


Results  and  Discussion 

The  surface  temperature  of  the  fiber  coated  with  a  primary 
layer  was  measured  and  is  plotted  in  figure  3  as  a  function  of 
the  draw  rate  and  the  cooling  distance  travelled  by  the  fiber. 
At  the  slowest  draw  rate,  60  m/min,  a  temperature  as  high  as 
200  °C  was  measured  at  the  surface  of  the  primary  layer  as 
the  fiber  just  exited  the  first  UV  curing  unit.  Even  when  a 
faster  draw  rate,  540  m/min,  was  employed,  the  surface 
temperature  of  the  coating  varied  from  120  °C  to  40  °C  as  a 
function  of  the  cooling  distance.  Considering  the  thermal 
properties  of  polyurethane  acrylates,  this  wide  temperature 
change,  120  °C  to  40  °C,  is  sufficient  to  significantly  affect 
the  properties  of  the  secondary  layer.  The  mechanical 
properties  of  cured  polyurethane  acrylates  are  derived  from 
the  microscopic  phase  separation  structure.  The 
microstructure  can  be  expected  to  be  affected  by  the  thermal 
conditions,  such  as  temperature  of  coating.  In  order  to  clarify 
the  affect  of  curing  temperature  on  the  properties  of  coatings, 
the  secondary  layer  was  applied  of  varying  distances  from  the 
first  UV  curing  unit  (varying  degree  of  cooling).  The 
temperature  of  coating  cup  2  was  also  controlled  to  maintain 
the  same  temperature  which  corresponds  to  the  temperature  of 
the  fiber  as  controlled  by  the  location  of  the  cup.  At  a 
constant  draw  rate  of  60  m/min,  several  fibers  were  prepared 
using  secondary  coatings  H-1  and  H-2.  By  changing  the 
cooling  distance  of  the  primary  coating,  the  curing 
temperature  of  the  secondary  coatings  were  varied.  Figure  4 


and  5  show  Young's  modulus  and  gel  fraction  of  the 
coatings,  H-1  and  H-2,  as  a  function  of  the  curing 
temperature,  respectively.  In  coating  H-1,  a  drastic  change 
was  found  on  Young's  modulus  without  any  significant 
change  on  gel  fractions.  Young's  modulus  measured  for  the 
coating  cured  at  80  °C  was  two  times  larger  than  that 
measured  at  40  °C.  But  no  significant  change  both  in 
Young's  modulus  and  gel  fractions  was  seen  on  the  coating 
H-2.  Note  that  the  coatings  H-1  and  H-2  show  almost  the 
same  mechanical  properties  tested  on  sheet  samples  as  listed 
in  Table  1.  MEK  unextractables  represent  the  extent  of 
reaction  of  acrylic  groups  of  a  coating  but  does  not  show  how 
the  reaction  takes  place.  Despite  the  same  degree  of  cure  as 
measured  by  gel  fraction,  the  higher  Young's  modulus 
obtained  at  high  temperature  curing  might  be  explained  by  the 
difference  in  the  manner  of  the  curing. 


Cooling  distance  (m) 

Figure  3.  The  surface  temperature  of  the  fiber  coated  with  a 
primary  layer  is  plotted  as  a  function  of  the  draw  rate  and  the 
cooling  distance  of  the  fiber.  The  cooling  distance  is 
measured  from  the  exit  of  the  first  UV  curing  unit  to  the 
position  of  the  radiation  thermometer. 

Open  circle  :drawing  rate  of  60  m/min 
Oosed  circle:drawing  rate  of  240  m/min 
Open  triangle:drawing  rate  of  540  m/min 
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Figure  6.  The  dependence  of  the  curing  temperature  to  the 
swelling  ratio  of  coatings  H-1  and  H-2.  Open  and  closed 
circles  show  coatings  H-1  and  H-2,  respectively. 


Figure  4.  Young's  modulus  of  the  coatings  H-1  and  H-2 
drawn  at  a  rate  of  60  m/min.  are  plotted  as  a  function  of  the 
curing  temperature.  Open  and  closed  circles  show  coatings 
H-1  and  H-2,  respectively. 


Temperature  (°C) 

Figure  5.  Gel  fractions  of  the  coatings  H-1  and  H-2  are 
plotted  as  a  function  of  the  curing  temperature.  Open  and 
closed  circles  show  coatings  H-1  and  H-2,  respectively. 


The  results  of  the  measurements  of  swelling  of  coatings, 
H-1  and  H-2,  prepared  at  several  different  temperatures  are 
also  shown  in  figure  6.  For  the  temperature  dependence  of 
swelling  ratio,  a  drastic  change  is  found  only  on  coating  H-i . 
As  expected  from  the  data  of  Young’s  modulus,  no  change 
was  found  on  that  of  coating  H-2.  The  swelling  ratio  is 
inversely  proportional  to  the  crosslink  density  of  the  coatings. 
Thus  the  higher  swelling  ratio  seen  on  coating  H- 1  cured  at 
high  temperature  indicates  the  lower  crosslink  density  of  the 
coatings  comparing  to  that  cured  at  lower  temperature.  This 
swelling  behavior  of  coating  H-1  seems  to  be  inconsistent 
with  the  results  of  the  measurements  of  Young’s  modulus. 
The  coating,  H-1,  cured  at  higher  temperature  shows  higher 
Young’s  modulus  in  spite  of  the  rather  small  extent  of 
crosslink  density  and  the  same  degree  of  cure,  gel  fraction, 
compared  to  the  coating  cured  at  low  temperature. 

Figure  7-a  and  7-b  show  the  temperature  dependence  of 
the  loss  tangent  for  coating  H-1  cured  at  80  °C  and  40  °C, 
respectively.  A  peak  observed  around  100  °C  is  assigned  to 
be  a  hydrogen  bonding  between  urethane  linkages.!^]  On  the 
other  hand  a  peak  around  ISO  °C  is  believed  to  originate  from 
the  carbon-carbon  linkages  of  crosslinked  polymer  network. 
In  figure  7-a,  coating  H-1,  cured  at  80  °C,  shows  twin  peaks 
around  100  and  150  °C.  In  figure  7-b,  coating  H-1  cured  at 
40  °C,  shows  a  single  peak  at  150  °C.  This  suggests  that  the 
hydrogen  bonding  between  urethane  linkages  disappeared  in 
coating  H-1  cured  at  40  °C.  The  higher  Young’s  modulus  of 
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Figure  7.  The  temperature  dependence  of  the  loss  tangents 
(tan  6)  of  coating  H-1  cured  at  80  °C  and  40  °C  are  shown  in 
figure  7-(a)  and  7-(b),  respectively.  A  peak  observed  around 
1(X)  °C  is  as-signed  to  a  hydrogen  bonding  between  urethane 
linkages  and  a  peak  around  150  °C  is  to  the  carbon-carbon 
linkages  of  crosslinked  polymer  network. 


Figure  8.  The  temperature  dependence  of  the  loss  tangents 
(tan  8)  of  coating  H-2  cured  at  80  °C  and  40  °C  are  shown  in 
figure  8-(a)  and  8-(b),  respectively. 


H-1,  cured  at  a  high  temperature,  is  considered  to  be  derived 
from  the  hydrogen  bonding  in  the  polymer  network.  Since 
the  hydrogen  bonding  gives  additional  pseudo  crosslinking  in 
a  polymer  network  consisted  of  carbon-carbon  chemical 
linkages.  Although  the  effective  crosslinking  density 
increased  by  the  additional  hydrogen  bonding,  this  could  not 
be  detected  by  the  swelling  test  because  hydrogen  bonding 
easily  disappeared  in  THF.  As  shown  in  figure  8-a  and  8-b, 
twin  peaks  are  observed  on  coating  H-2  both  cured  at  40  °C 
and  80  °C.  It  is  consistent  that  the  same  magnitude  of 
Young's  modulus  was  obtained  in  both  cases  of  coating  H-2. 

It  was  found  that  coating  H-1  varied  in  polymer  structure, 
in  this  case  the  existence  of  hydrogen  bonding,  with  a  change 
in  curing  temperature.  The  coating  composition  or  each 
component  of  coating  may  strongly  influence  the  change  in 
polymer  structure  created  during  curing.  Considering  the 
coatiiig  process  on  the  drawing  tower,  liquid  resin  is  extruded 
from  a  very  thin  slit  at  the  coating  cup.  Therefore,  the  coating 
resin  may  be  exposed  to  very  high  shear  rate.  At  a  240  m/min 
drawing  rate,  the  shear  rate  reaches  an  order  of  magnitude  of 
105  sec‘1.  When  the  coating  resin  is  exposed  to  rather  high 
shear  rate  and  high  temperature,  certain  orientation  of  the 
polymer  takes  place  during  the  coating  and  curing  process. 
That  is,  a  certain  microstructure  is  possibly  created  and 
imparts  particular  effects  to  the  properties  of  coatings. 

The  design  of  polymers  for  coatings  are  based  on  the  data 
obtained  from  samples  coated  and  cured  under  laboratory 
conditions,  slow  shear  rate  coating  and  ambient  temperature 
curing.  Taking  into  account  shear  rate  and  curing  temperature 
affects  mentioned  above,  it  is  important  to  evaluate  coatings 
under  actual  drawing  conditions  even  at  the  early  stage  of 
development  of  coatings. 

Conclusion 

'.Ve  report  here  a  novel  metheJ  for  measuring  the  surface 
temperature  of  fiber  immediately  after  being  coated  and  cured 
with  an  ultraviolet  (U  V)  curable  polyurethane  acrylate  primary 
layer.  A  secondary  layer  was  found  to  be  coated  and  cured  at 
rather  high  temperature  and  consequently  the  mechanical 
properties  of  secondary  coatings  were  strongly  affected  by  the 
curing  temperature  which  corresponds  to  the  rate  of  drawing. 
The  high  temperature  coating  and  curing  causes  the  change  of 
the  microscopic  structure  of  polymer  network.  In  this  case, 
the  existence  of  hydrogen  bonding  between  urethane  linkages 
results  in  a  drastic  change  in  mechanical  properties  of 
coatings.  It  is  therefore  very  imnortant  to  nay  attention  to  the 
curing  temperature  in  terms  of  drawn  ^  rate  and  cooling 
distance  in  order  to  obtain  better  coatings.  Also  it  is  important 
to  evaluate  the  coatings  under  actual  drawing  tower  in  order  to 
design  the  better  coatings. 
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SUMMARY 

A  degree  of  coating  cure  near  100 
%  minimizes  variations  in  coating 
properties  both  at  fibre  manufacture  and 
with  aging.  Reported  is  a  method  to 
determine  simultaneously.  but 
Independently,  the  degrees  of  cure  of 
both  the  primary  and  secondary  for  a 
radiation  cured  dual  coating.  Retained 
monomers  are  solvent  extracted  with 
acetonitrile  from  a  short  length  of  dual 
coated  fibre,  separated  with  HPLC  (High 
Pressure/Performance  Liquid  Chromato¬ 
graphy)  ,  and  the  retention-time  ordered 
UV  absorption  at  205  nm  peaks  recorded. 
The  peak  heights  of  one  or  more  monomers 
for  both  primary  and  secondary  converted 
by  calibration  curves  to  percent  values 
of  retained  monomers  represent  the 
degrees  of  cure.  Changes  in  degrees  of 
cure  with  fibre  draw  speed  and  fibre 
aging  were  studied. 


INTRODUCTION 

Radiation  curing  dual  coatings  for 
optical  fibres  are  commonly  based  on  some 
modlf led-urethane  acrylate  system.  The 
uncured  liquid  coatings,  one  for  the 
primary  and  one  for  the  secondary,  are 
each  composed  of  several  components. 
These  include  the  base  unsaturated 
prepolymer  resin  (oligomer)  itself,  one 
or  more  reactive  monomers,  photo¬ 
initiator,  synergistic  materials,  and 
stabilizers.  The  monomers  may  differ 
between  the  primary  and  secondary  in 
several  ways:  in  chemical  compositions, 
in  the  number  of  types  present,  and  in 
their  proportions/1/.  This  composition 
difference  contributes  to  the  desired 
difference  in  physical  characteristics  on 
curing  of  having  around  the  fibre  a  soft 
and  elastic  primary  which  is  then 
surrounded  by  a  hard  and  mechanically 
strong  secondary. 


The  curing  proceeds  under  UV  irradiation 
as  a  radical  based  polymerization  in 
which  the  monomers  react  with  the 
unsaturated  oligomer  converting  the 
liquid  coating  to  a  crosslinked  solid 
body  structure.  For  any  such 
heterogeneous  system,  whether  the  primary 
or  the  secondary,  the  chemical  reaction 
is  not  100^  complete  within  a  limited 
time  and  a  certain  proportion  of  each  of 
the  monomers  remain  unreacted  and  are 
retained  within  the  polymerized  body. 

The  crosslink  density  of  each  of  the 
polymeric  fibre  coating  layers  in  the 
dual  coating,  or  the  degree  of  cure  of 
each,  is  related  to  the  respective 
proportions  of  retained  monomers. 
Variations  in  physical  and  mechanical 
properties  of  the  as-made  cured  dual 
coating  correspond  in  turn  to  variations 
in  these  crosslink  densities  /2,3/. 
Additionally  aging  performance  through 
diffusion  out,  extraction  by  surrounding 
fluids,  or  later  curing  over  the  fibre 
lifetime,  of  the  retained  monomers  is 
dependent  on  the  initial  degrees  of  cure. 

In  the  past  various  methods,  many 
indirect  in  nature,  to  evaluate  the 
degree  of  hardness  of  a  resin  coating 
have  been  put  forward:  mechanical  or 
surface  property  tests  such  as  strip 
force,  surface  tackiness,  and  color  shade 
of  the  coating  /4,5/;  chemical  and 
physical  characterization  tests  such  as 
Fourier  Transform  Jnfrared  (FTIR) 
spectroscopy  /6/,  Differential 
Photocalorimetry  (DPC)  /7/,  Evaporation 
Rate  Analysis  (ERA)  ,  and  dielectric 
measurements  /8/;  and  weight  loss 
extraction  tests  such  as  with  methyl 
ethyl  ketone  (MEK)  to  determine  the  total 
proportion  of  soluble  components 
remaining  after  coating  cure.  Frantz, 
Plitz,  and  Schmid  /9/  evaluated  some  of 
these  techniques  and  concluded  that 
solvent  extraction,  FTIR,  DPC,  and  ERA 
offered  promise  of  providing  sensitive 
and  reproducible  measures  of  the  extent 
of  cure. 
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However,  several  of  the  above  methods  are 
not  directly  applicable  to  a  coated  fibre 
and  require  a  separate  test  probe 
preparation.  Some  are  relatively 
unspecific,  as  is,  for  example,  weight 
loss  by  MEK  extraction.  All  retained  and 
soluble  components,  monomers,  as  well  as 
stabilizers  and  photo-initiators  whose 
content  is  irrevelant  to  crosslink 
density,  are  included. 

The  above  described  methods  do  not  allow 
simultaneous  and  independent 
determinations  of  the  cures  of  both 
primary  and  secondary  in  a  dual  coating 
directly  from  a  coated  fibre  sample. 

The  goal  of  the  degree  of  cure  test 
method  development  reported  here  was  a 
direct  and  simultaneous  quantification  of 
retained  monomers'  contents  for  UV  cured 
double  fibre  coatings.  The  result  of 
this  effort  was  a  technique  combinii.g 
solvent  extraction  with  chromatographic 
separation  and  the  subsequent  detection 
of  the  eluted  components  in  the  UV 
spectral  region. 


EXTRACTION 

The  solubility  of  the  components  of  the 
dual  fibre  coating  in  an  organic  solvent 
reduces  with  increasing  molecular  weight. 
Low  molecular  weight  components  dissolve, 
higher  weight  components  only  become 
colloidally  suspended,  and  completely 
crosslinked  macromolecules  do  not 
dissolve.  As  the  total  thickness  of  the 
dual  coating  on  conventional  fibre  is 
only  nominally  60  micrometers,  solvent 
penetration  of  the  full  coating  depth 
with  dissolution  of  all  low  molecular 
weight  retained  monomers,  photo¬ 
initiators  and  their  photolysis  products, 
synergistic  materials,  and  stabilizers 
occurs  readily.  Acetonitrile  (ACN)  is 
the  preferred  solvent.  It  is  an 
especially  good  solvent  for  the  retained 
monomers.  It  mixes  with  water  due  to  its 
high  dielectric  constant  and  thus 
subsequently  functions  well  as  a 
constituent  of  the  mobile  phase  in  the 
chromatographic  separation  step  which  is 
performed  with  a  elution  mixture  of  water 
and  ACN  in  the  ratio  of  1:1.  Moreover  it 
is  highly  transparent  in  the  UV  spectral 
region  in  which  detection  of  the 
separated  components  is  made. 

Essentially  full  and  reproducible 
extraction  from  dual  coated  fibre  with 
ACN  at  room  temperature  was  experi¬ 
mentally  found  to  occur  in  15  to  20 
hours.  The  extraction  of  the  secondary 
comes  to  a  plateau  in  monomer  content  in 
several  hours,  but  the  extraction  of  the 
secondary  covered  primary  is  much  slower 
to  do  so. 


To  implement  the  quantitative 
determination  of  retained  monomers ' 
contents  within  an  UV-cured  acrylate 
double  coating  an  150  mm  length  of  the 
dual  coated  optical  fibre  is  cut  into  5 
to  8  mm  long  pieces.  An  150  mm  length 
with  a  nominal  glass  diameter  of  125 
micrometers  and  a  nominal  outer  coated 
diameter  of  250  micrometers  contains  on 
the  order  of  6.1  mg  of  double  coating. 
These  pieces  are  immersed  in  0.10  ml  of 
ACN  within  a  sealable  microglass  bottle 
(an  autosampler  vial,  of  a  10  mm 
diameter,  of  an  approx.  volume  of  3  ml). 
After  standing  more  than  16  hours  at  room 
temperature,  e.g.  overnight,  0.005  ml  of 
the  solution  is  used  for  the  HLPC 
separation  and  the  proportionality 
analysis  described  below. 


HPLC  SEPARATION.  UV  DETECTION  OF  MONOMERS 

The  mass  of  the  material  solvent 
extracted  from  a  short  length  of  coated 
fibre  is  minute  and  consists  of,  as 
previously  stated,  a  mixture  of  several 
components  of  which  only  the  retained 
monomers'  proportions  are  of  interest. 

High  Performance/Pressure  Liquid 
Chromatography  (HPLC)  which  quickly 
separates  components  with  a  high  level  of 
selectivity  through  their  varied 
retention  times  as  they  exchange  between 
a  stationary  phase  (the  packed  column) 
and  the  mobile  phase  (the  elution 
mixture)  suits  this  situation  well. 

Once  separated  into  retention-time 
ordered  components,  spectralphotometric 
detection  in  the  UV  region  at  a 
wavelength  of  205  nm  gives  a  peak  for 
each  retained  monomer  at  its 
characteristic  retention-time  for  which 
the  peak  height  (the  peak  area  could 
also  be  used)  is  proportional  to  the 
retained  momomer's  content. 

The  apparatus  used  is  schematically 
illustrated  in  Figure  1  .  From  the 
reservoir  (1)  is  pumped  (2)  an  uniform 
pressure  smoothed,  pulse  free  stream  (4) 
of  elution  mixture.  A  safety  valve  (3) 
is  situated  at  the  point  of  highest 
possible  pressure.  The  mobile  phase 
streams  through  an  entrance  chamber  (6) 
into  the  packed  column  (7)  with  a 
manometer  at  point  (5)  to  measure  the 
pressure.  After  leaving  the  packed 
column  the  now  separated  components  are 
seen  at  the  detector  (8)  and  the 
resulting  chromatogram  recorded  with  a 
printer  plotter  (9). 
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Safety  Thermostat 


Fig.  1 :  Schematic  of  HPLC  Apparatus 

To  implement  the  chromatographic 
separation  0.005  ml  of  the  previously 
prepared  ACN  extraction  of  the  dual  fiber 
coating  is  introduced  into  the  HLPC  with 
a  water  and  ACN  mixture  in  a  fixed  1:1 
ratio  as  the  elution  fluid.  The  flow 
speed  is  1.5  ml/min. 


PEAK  ASSIGNMENTS 

For  each  and  every  coating,  primary  or 
secondary,  a  HPLC  retention-time  peak 
assignment  and  a  proportionality 
calibration  must  be  made  for  at  least  one 
constituent  monomer  in  order  to  determine 
quantitative  degree  of  cure. 

If  the  monomers'  compositions  are  known 
and  these  monomers  are  separately 
available,  a  retention-time  HPLC  peak  can 
be  unequivocally  assigned  to  each 
compound.  If  additionally  the 
proportions  of  these  monomers  to  each 
other  and  the  total  monomers'  proportion 
of  each  liquid  resin  coating  are  known, 
calibration  can  be  done  directly.  Simply 
performing  several  HPLC  runs  with  the 
individual  monomers  or  mixtures  under 
similar  conditions  to  the  ACN  extraction, 
HPLC  separation,  and  UV  region  detection 
procedure  outlined  above  for  coated  fibre 
are  sufficient.  In  practice  having  this 
level  of  information  is  not  to  be 
expected  as  commercial  coatings  are 
generally  proprietary  in  nature. 

The  more  commonly  implemented  procedure 
for  HPLC  peak  assignment  is  thus  to 
compare  the  HPLC  chromatograms  of  the 
individual  as-delivered  uncured  liquid 
coatings  in  ACN  solution  with  those  of 
ACN  extracts  from  partially  to  nearly 
completely  crosslinked  coating  layers 
made  by  the  UV  irradiation  of  thin  films 
of  the  liquid  coatings  on  glass  plates. 

One  or  more  monomer  retention-time  peaks 
can  then  be  assigned,  for  example,  as 
Illustrated  in  Figure  2  for  a  primary: 
Monomer  PI  at  1.3  minutes  retention-time 
and  Monomer  P2  at  3.6  minutes 
retention-time.  These  retention-times 


are  for  a  fixed  apparatus  and  fixed  test 
procedure.  They  will  vary  slightly  in 
time  from  sample  to  sample  and  day  to  day 
due  to  variations  in  temperature  of 
elution  mixture,  aging  of  the  packed 
column,  and  so  forth. 


Fig.  2:  HPLC  Chromatograms 

PI  »  Monomer  1  of  Primary,  SI  • 
Monomer  1  of  Secondary,  and  so 
forth 

There  are  additional  peaks  evident  in  the 
chromatograms  (Figure  2)  from  other  low 
molecular  weight  materials  such  as 
photo-initiators  and  stabilizers.  The 
oligomer  does  not  appear  here.  The 
monomers'  peaks  are  identifiable  through 
the  comparisons  of  the  chromatogram  for 
uncured  material  to  those  for  cured 
material  as  with  UV-irradiation  they 
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progressively  shrink  with  degree  of  cure 
from  being  major  peaks  to  being  minor 
peaks.  At  the  same  time  a  peak  for  a 
material  such  as  a  photo-initiator 
switchs  from  being  a  minor  to  a  major 
peak.  For  a  primary  or  secondary 
containing  more  than  one  -nonomer,  which 
occurs  in  most  cases,  then  the  monomer 
for  each  in  the  highest  proportion  which 
stands  the  most  alone  in  the  chromatogram 
for  the  dual  coating  is  best  used  to 
judge  the  degree  of  cure  of  each  coating 
layer.  (See  again  Figure  2.) 


CALIBRATION  OF  MONOMERS'  PROPORTIONS 

Calibration  curves  are  generated  for  each 
monomer  of  interest.  As  previously 
stated  an  150  mm  long  piece  of  coated 
fibre  contains  on  the  order  of  6.1  mg  of 
cured  coating.  For  the  situation  of  a 
primary  to  secondary  thickness  ratio  of 
1:1,  or  in  other  words,  when  each  coating 
is  approx.  30  micrometers  thick,  then 
the  primary  portion  of  this  6.1  mg  is  2.5 
mg  and  the  secondary  portion  is  3.6  mg. 
Therefore,  to  a  good  first  approximation, 
the  height  of  each  individual  monomer's 
peak  seen  in  HPLC  by  dissolving, 
respectively,  2.5  mg  of  liquid  primary 
coating  and  3.6  mg  of  liquid  secondary 
coating  in  0.10  ml  of  ACN  can  be  assigned 
a  value  of  1005i  retention.  By  the 
appropriate  dilution  10,  1,  and  0.1  it 
points  then  can  be  obtained  with  which  a 
linear  log  peak  height  against  log 
monomer  concentration  calibration  curve 
can  be  made  for  each  monomer.  On 
performance  of  a  degree  of  cure  test  for 
a  dual  coating  each  monomer's  peak  height 
is  converted  to  a  percent  retained 
monomer  content  through  application  of 
these  curves.  The  result  is  degree  of 
cure  in  terms  of  content  of  monomers 
which  were  left  behind  unreacted.  A 
value  of  less  than  1  %  for  each  monomer 
indicates  absolutely  full  and  complete 
cure  for  a  30  micrometer  thick  coating 
layer. 

New  calibration  curves  are  not  necessary 
for  a  within  20%  variation  (thicker  or 
thinner f  t'rom  the  nominal  SiS  micrometers. 

The  per  cent  retained  monomers '  values 
just  need  to  be  multiplied  with  the  ratio 
of  30  over  the  actual  thickness  in 
micrometer. 

The  precision  and  reproducibility  of  this 
HPLC  test  for  degree  of  cure  was 
determined  through  repeated  analyses  of 
one  dual  coated  fibre.  For  retained 
monomers'  contents  between  0.03  and  0.90 
%,  the  variance  was  found  to  be  between 
8.5  and  10  H.  For  retained  monomers' 
contents  above  3  %,  the  analysis 
precision  is  plus  or  minus  5  %. 


APPLICATION  EXAMPLES 

The  two  following  examples  illustrate  the 
usefulness  of  the  HPLC  cure  test  method 
described  in  this  paper. 

An  experiment  was  performed  to  see  the 
effect  of  changing  only  draw  speed  with 
all  other  parameters  held  constant  on  the 
degrees  of  cure  of  primary  and  secondary 
for  a  dual  coating  system.  Figure  3 
shows  the  increase  in  retained  Monomer  PI 
and  retained  Monomer  S2  contents  as  draw 
speed  increases.  That  is,  the  degrees  of 
cure  decrease  with  increasing  speed. 
These  data  indicate  ,  for  example,  either 
increased  UV-curing  lamp  power  or  a 
faster  curing  dual  coating  system  is 
necessary. 


Fig.  3:  Decrease  in  PI  and  S2  with 
increasing  draw  speed 


An  additional  experiment  was  performed 
which  illustrates  the  change  in  retained 
monomers'  contents  with  time  when  the 
dual  coating  is  not  fully  cured  at  the 
time  of  manufacture.  A  fibre  sample 
drawn  at  a  450  m/min  draw  speed  for  the 
previously  described  experiment  was 
allowed  to  age  on  the  shelf  under  room 
conditions.  Figure  4  shows  the  decrease 
in  both  Monomer  Pi  and  Monomer  S2 
contents  over  100  days.  The  change  for 
the  primary  is  more  dramatic  than  for 
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that  of  the  secondary.  These  changes  in 
contents  can  be  taken  to  be 
representative  of  what  is  similarly 
occurring  with  respect  to  the  contents  of 
the  other  retained  monomers.  Some 
decrease  occurs  through  diffusion  out  of 
especially  the  more  volatile  monomers.  A 
significant  part  of  the  decrease  is 
through  delayed  polymerization.  Thus  the 
degrees  of  cure  increase.  One  expects 
therefore  physical  properties  to  have 
altered. 


Fig.  4;  Decrease  in  P1  and  S2  with 
storage  age  under  room 
conditions 

CONCLUSION 

An  accurate  and  reproducible  method  has 
been  successfully  developed  to 

simultaneously,  but  independently, 

determine  the  degrees  of  cure  of  the 
primary  and  the  secondary  for  dual 
coating  fiber.  The  degrees  of  cure  are 
reported  in  terms  of  the  percents  of 
original  monomers'  contents  retained 
unreacted  in  the  respective  polymerized 
bodies. 

The  described  procedure  consists  of 
solvent  extraction  of  retained  monomers 
with  acetonitrile  followed  be  HPLC 
separation  with  retention-time  ordered  UV 
absorption  at  205  nm  peaks  recorded.  By 
means  of  readily  generated  calibration 
curves,  the  peak  heights  convert  to 
quantitative  values  for  retained 
monomers'  contents. 

The  reported  technique,  as  illustrated  in 
the  two  application  examples,  is  an 
useful  tool  for  evaluating  processing 
parameter  changes,  new  dual  coatings,  and 
physical  and  mechanical  property  changes 
with  aging. 


The  underlying  strengths  of  the 
technique:  solvent  extraction,  chromato¬ 
graphic  separation  of  components,  and 
specific  to  a  species  quantification  of 
contents,  may  make  it  suitable  for 
adaptation  to  testing  diffusion  of 
primary  monomers  into  the  secondary 
(repeated  short  time  extractions),  inking 
effects,  or  enviromental  exposure 
effects. 
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ABSTRACT 

Our  experimental  results  revealed  for  the 
first  time  that  the  hermetic  properties  of 
carbon  coated  optical  fiber  strongly  depend  on 
the  roughness  of  the  carbon  layer  which  is  af¬ 
fected  by  the  CVD  reaction  temperature.  To  ob¬ 
tain  a  good  hydrogen  resistance,  the  maximum 
surface  roughness  was  0.97nm.  Further  a  400a 
thickness  of  carbon  layer  was  necessary  to 
prevent  hydrogen  permeation.  To  obtain  a  satis¬ 
factory  tensile  strength  after  SOTC  water  immer¬ 
sion,  only  the  thickness  of  the  carbon  layer  of 
over  180A  was  necessary.  There  Is  no  roughness 
dependence  of  the  carbon  surface.  We  also  inves¬ 
tigated  carbon  coating  for  large  core  fiber.  It 
has  a  satisfactory  water  resisting  property  and 
a  high  fatigue  index. 

1 .  Introduction 

Hermetically  coated  optical  fiber  (HCF)  are 
characterized  by  excellent  hydrogen  and  water 
resitance . (1 , 2)  As  these  characteristics  mostly 
depend  on  the  quality  of  the  carbon  layer 
deposited  around  the  fiber,  it  is  important  to 
clarify  the  conditions  to  obtain  good  quality. 
We  have  conducted  experiments  to  study  the 
relationship  between  the  Chemical  Vapor  Deposi¬ 
tion  (CVD)  reaction  temperature,  to  deposit  the 
carbon  layer,  and  the  quality  of  the  carbon 
layer  as  well  as  hydrogen  and  water  resistance 
of  the  resulting  fibers. 

A  study  was  also  conducted  on  application  of 
carbon  coating  to  large  core  fiber,  used  for 
laser  beam  transmission  and  other  purposes. 


Japan 

2.  Experiment 

2-1.  Experimental  Apparatus. 

Figure  1  shows  the  typical  manufacturing 
process  of  this  fiber.  After  drawing  the  glass 
fiber,  a  thin  carbon  layer  is  coated  on  the  sur¬ 
face  of  the  glass  by  CVD  reaction  and  after 
then,  the  UV  curable  resin  is  coated  by  usual 
manner. 

The  apparatus  is  provided  with  non-contact 
type  measurement  unit  for  measuring  the  thick¬ 
ness  of  the  carbon  layer,  with  a  view  to  utiliz¬ 
ing  measurment  results  in  stabilizing  the 
characteristics  of  the  carbon  deposition. 


Fig.l  Manufacturing  Process  of  HCF. 
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2-2.  Experiiental  Conditions. 


Table  1  shows  the  experiaental  conditions 
where  the  test  fiber  was  aade.  The  drawing  rate 
of  the  fiber  and  the  flow  rate  of  aaterial  gas 
were  kept  constant  and  only  the  reaction  tea- 
perature  of  the  carbon  deposition  was  changed. 

2-3.  Procedure. 

1)  Thickness  of  the  Carbon  Layer 

After  coBpletely  covering  a  sample  fiber 
with  epoxy  resin,  an  extremely  thin  piece  of  the 
fiber  was  obtain  with  a  dianond  cutter.  Then  the 
thickness  of  the  carbon  layer  was  measured  using 
a  Transmission  Electron  Microscope  (TEH).  An  ex¬ 
ample  of  a  typical  measurement  result  is  shown 
in  Fig. 2. 


Fig, 2  TEH  Image  of  the  Carbon  Layer. 


Table  1  Manufacturing  conditi< 


2)  Tensile  Strength. 

The  tensile  strength  of  the  resulting  fiber 
was  measured  with  a  span  of  10m  and  a  strain 
rate  of  50X/min. , using  20  samples. 

3)  Dynamic  Fatigue  Characteristic. 

Dynamic  fatigue  tests  were  conducted  at  a 
range  of  strain  rates  (0.5,  1.0  ,10  and  50 
X/min),  so  that  the  dynamic  fatigue  behavior  of 
the  resulting  fiber  could  be  characterized. 

4)  Hydrogen  Resistance. 

Sample  fibers,  1000m  in  length,  were  al¬ 
lowed  to  stand  in  a  chamber  with  the  hydrogen 
gas  pressure  at  3atm  and  the  optical  loss  in¬ 
crease  at  1.24 /im  was  measured  at  certain  time 
intervals. 

5)  Observation  of  the  Carbon  Surface. 

The  structure  of  the  carbon  sureface  was 
observed  with  a  Scanning  Tunnelling  Microscope 
(STM).  Using  this  system,  the  Ra  value  was  cal¬ 
culated  to  determine  surface  roughness.  An  ex¬ 
ample  of  an  observation  result  is  illustrated  in 
Fig. 3. 


and  results  of  HCFs. 
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3-2.  Test  on  Hydrogen  Resisting  Property. 


Fig. 3  A  Typical  STM  laage  of  the 
Carbon  Surface. 


800 


800 


3.  Results. 

3-1.  Tensile  Strength. 


A  test  on  the  hydrogen  resisting  property, 
conducted  during  the  present  study,  revealed  the 
fol loving : 

1)  In  the  range  of  reaction  teiperatures  be- 
tveen  1290  and  1350T1  a  satisfactory  hydrogen 
resisting  property  cannot  be  obtained  because 
the  thickness  of  carbon  layer  is  insufficient. 

2)  In  the  range  of  reaction  temperatures  be¬ 
tween  1400  and  1720t  the  hydrogen  resisting 
property  becomes  less  favorable,  though  the 
thickness  of  the  carbon  layer  increases  with 
rising  reaction  temperature.  This  fact  shows 
that  the  hydrogen  resisting  property  is  in¬ 
fluenced  greatly  not  only  the  thickness  of  the 
carbon  layer,  but  also  by  the  quality  of  the 
deposited  carbon. 


Measurement  results  show  that  any  of  the 
HCFs  manufactured  the  during  experiment  had  a 
tensile  strengtii  exceeding  6Kg.  Figure  4  shows 
the  Weibull  plot  for  sample  Ho. 4.  This  figure 
indicates  that  the  sample  dose  not  have  any  por¬ 
tion  with  a  low  tensile  strength. 


Strength  (Kg) 


3-3.  Water  Resisting  Property. 

During  the  present  study  it  was  found 
that  a  satisfactory  water  resisting  property  can 
be  obtained  when  the  thickness  of  the  carbon 
layer  is  approx.  180a.  In  this  respect,  the 
water  resisting  property  is  different  from  the 
hydrogen  resisting  property,  which  depends  not 
only  the  thickness  of  the  carbon  layer,  but  also 
on  the  quality  of  the  carbon  deposited,  as  pre¬ 
viously  mentioned. 

3-4.  Observation  of  the  Carbon  Surface. 

During  the  present  study  the  surface 
structure  of  the  deposited  carbon  layer  was  ob¬ 
served  via  STM.  Observation  results  are  shown  in 
Fig. 5.  This  figure  indicates  that  the  unevennes 
of  the  surface  roughness  becomes  greater  with 
increasing  reaction  temperature. 


Fig. 4  Weibuli  Plot  of  Tensile  Strength 
of  HCF  (sample  No. 4). 
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14001’  14801’  1550 
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Fin. 5  STM  Imago  of  the  (Carbon  .Surfaoo. 


4.  Discussion. 

A  satisfactory  hydrogen  resisting  property 
cannot  be  obtained  with  a  fiber  having  a  180  or 
240a  thickness  carbon  layer  manufactured  at  a 
low  reaction  temperature  because  the  layer  is 
too  thin.  Figure  6  shows  the  relationship  be¬ 
tween  the  roughness  of  the  carbon  layer  and  the 
hydrogen  resisting  property  for  the  fiber  having 
a  carbon  layer  with  a  thickness  of  400a  or 
more.  This  figure  shows  that  the  hydrogen 
resisting  property  becomes  less  favorable  with 
an  increase  in  surface  roughness.  This 
deterioration  of  the  hydrogen  resisting  property 
is  due  to  the  fact  that  the  CVD  reaction 
progresses  more  rapidly  than  a  lower  reaction 
temperature  Because  of  the  rapid  carbon 
deposition,  the  carbon  layer  may  have  become 
rough,  causing  the  permeation  of  hydrogen  gas 
through  the  carbon  grain  boundary. 


Carbon  Surface  and  Loss  Increase 
at  1.24  urn. 


5.  Large  Core  Hermetically  Coated  Optical  Fiber. 

5-1.  Experimental  Apparatus. 

The  apparatus  shown  in  Fig.l  was  used 
to  manufacture  two  kind  of  large  core  HCFs 
(  core  /  fiber  diameter  =  200/250,400/450). 
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5-2.  Results. 

Figure  7  shows  the  Weibull  plot  of  the 
resulting  HCFs,  for  conditions  before  and  after 
sot!  water  iegersion.  Figure  8  shows  the  results 
of  the  dyna«ic  fatigue  characteristics  for  250 
tip  HCFs.  These  results  indicate  that  large  HCFs 
hav^  a  satisfactory  water  resisting  property. 
The  fatigue  index  of  this  HCF  is  very  high, 
though  the  initial  strength  soaewhat  decreases 
as  a  result  of  carbon  coating. 

Future  studies  will  be  conducted  with  the 
gole  of  increasing  the  fatigue  index  and  the 
tens i le  strength . 
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Fig. 7  VIeibull  Plot  of  Tensile  Strength 
of  Large  Core  HCFs  before  and 
after  80 TC  Water  laaersion. 
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6.  Conclusion. 

The  experimental  results  revealed  the 

fo  1  lowing: 

1)  The  roughness  of  the  carbon  surface  in¬ 
creases  with  reaction  teaperature  during  carbon 
deposition . 

2)  A  satisfactory  hydrogen  resisting  property 
can  be  obtained  if  the  ainiaua  thickness  of  the 
carbon  layer  is  4C0a  and  the  aaximup  Rs  is 
0. 97niii . 

3)  A  satisfactory  water  resisting  property 
can  be  obtained,  regardless  of  surface  rough¬ 
ness,  if  the  thickness  of  the  carbon  layer  is 
180a  or  more. 

4)  An  examination  of  large  core  HCF  revealed 
that  the  fiber  has  a  satisfactory  water  resist¬ 
ing  property  and  a  high  fatigue  index. 
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THE  EFFECTS  OF  AGING  ON  OPTICAL  FIBERS  WITH  INCOMPLETELY 

CURED  COATINGS 


Rolf  A.  Frantz*,  Irene  M.  Plitz**,  Hakan  H.  Yuce*.  and  Osman  S.  Gebiziioglu** 
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ABSTRACT 

Polymer  coatings  are  applied  to  optical  fibers  as  protection 
against  mechanical  and  erivironmental  stresses.  Inadequately 
cured  coatings  may  affect  the  chemical  environment  at  the 
glass  surface  by  permitting  mobile  ionic  species  and/or 
contaminants  to  diffuse  to  the  glass/coating  interface. 
Subsequent  interactions  with  minute  flaws  on  the  glass  surface 
can  adversely  affect  long-term  reliability.  To  investigate 
these  effects,  we  conducted  stress-free  aging  of  sample  fibers 
using  two  different  polyurethane  acrylate  coatings,  each  with 
two  extents  of  cure.  Fibers  were  aged  at  85°C  in  an  85% 
relative  humidity  environment,  in  deionized  water,  and  in  a 
dry  oven.  We  measured  changes  in  the  residual  coating  cure, 
fiber  strength,  and  coating  strip  force  and  glass  transition 
temperature  after  various  aging  intervals.  One  day  of  wet 
aging  was  enough  to  prevent  any  further  curing.  The  initial 
extent  of  cure  did  not  affect  the  changes  in  fiber  strength 
during  aging,  but  it  did  influence  the  changes  in  strip  force. 
Both  strength  and  strip  force  were  more  affected  by  the 
deionized  water  environment. 


characterized  using  a  variety  of  techniques;  we  also  measured 
mechanical  characteristics  such  as  strength  and  strip 
force  The  fibers  selected  for  this  aging  investigation 
were  those  described  in  [4]  as  950-008  fibers  #3  and  #4 
(higher  and  lower  extents  of  cure,  respectively)  and  950- 
133  fibers  #1  (higher  cure)  and  #2  (lower  cure).  Samples 
of  all  four  fibers  were  subjected  to  three  aging  conditions,  all 
at  85°C;  (i)  an  85%  relative  humidity  (RH)  environment; 
(ii)  deionized  water  of  pH  7;  and  (iii)  a  dry  (<30%RH)  oven. 
Samples  were  aged  under  stress-free  conditions  for  one  day 
and  one  week  in  all  environments  and  also  for  one  month  and 
three  months  at  85%  RH  and  in  deionized  water.  We  used 
differential  photocalorimetry  (DPC)  to  measure  the  residual 
curing  of  the  coatings  after  aging.  The  coating  glass  transition 
temperature,  Tg,  and  the  mechanical  loss  factor  were  measured 
using  dynamic  mechanical  thermal  analysis  (DMTA).  Fiber 
strength  was  determined  using  two-point  bending  in  23°C 
deionized  water,[^^  and  the  force  required  to  strip  the  coating 
off  the  fiber  was  measured. 


INTROPUCTION 

As  protection  against  mechanically-  and  environmentally- 
induced  stresses,  polymeric  coatings  are  applied  to  glass 
optical  fibers  and  cured  in-line  during  the  drawing  process. 
These  coatings  can  affect  the  local  chemical  environment  at  the 
glass  surface!^ -^1;  the  nature  and  degree  of  such  effects  will 
vary  with  the  extent  of  cure  of  the  coating.  Inadequately  cured 
coatings  may  contain  mobile  ionic  species  and/or  contaminants 
that  can  diffuse  to  the  glass  surface.  Coatings  that  are 
somewhat  permeable  can  still  act  to  partially  encapsulate 
atmospheric  moisture  and  contaminants  at  the  coating/glass 
interface.  Since  the  glass  surface  is  the  location  of  most 
strength-reducing  flaws,  moisture  and  other  chemical 
contaminants  can  adversely  affect  long-term  fiber  reliability 
through  their  interactions  with  these  minute  flaws.  In 
addition,  changes  in  the  undercured  coatings  themselves  may 
contribute  to  changes  in  the  mechanical  characteristics  of  the 
coating/glass  composite. 

To  quantify  these  effects,  we  investigated  how  different  extents 
of  cure  affected  the  stress-free  aging  of  optical  fibers.  We 
used  two  polyurethane  acrylate  single-coat  coatings:  Oesolite® 
950-008,  a  hard,  high-modulus  coating,  and  Oesolite*  950- 
133,  a  soft,  low-modulus  coating.  For  each  coating,  we  drew 
fibers  nominally  125  pm  in  diameter  from  a  common  fire- 
polished  fused  silica  rod.  All  fibers  were  coated  in-line  to  a 
nominal  overall  diameter  of  250  pm.  Different  extents  of 
cure  were  obtained  by  varying  the  draw  speed  and  the  lamp 
power. (31  The  initial  extent  of  cure  of  each  coating  was 
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We  first  summarize  the  initial  characteristics  of  the  fibe 
samples  and  describe  the  aging  conditions.  We  then  describe 
the  results  of  the  various  tests  on  the  aged  fibers.  We  next 
discuss  correlations  among  the  test  results  and  conclude  with  a 
brief  summary  of  our  results. 


FIBER  CHARACTERIZATION  AND  AGING 

The  characteristics  of  the  unaged  fibers  were  reported  in  [4]. 
We  have  summarized  the  most  important  results  in  Table  1. 
Specific  details  on  the  various  tests  are  given  in  [4]. 


Table  1.  Initial  Characterization  of  Test  Fibers 


DPC  Residual 
Cure  Reaction* 
Extractables 
(FOTP-10) 

Strip  Force 
(FOTP-178) 

Tensile 

Strength 

(FOTP-28B) 


950-008  950-008  950-133  950-133 


o 

SA 

(LL 

IL2 

3.7  J/g 

7.5  J/g 

<1  J/g 

6.7  J/g 

6.21% 

9.24% 

6.25% 

9.28% 

5.66N 

6.32N 

3.35N 

2.42N 

3834 

MPa 

3758 

MPa 

4454 

MPa 

4447 

MPa 

*A  corrected  DPC  cell  constant  was  used  to  calculate  these  values. 


All  of  the  aging  was  done  under  stress-free  conditions.  Several 
loose  coils  of  each  fiber  were  placed  in  a  forced-circulation 
temperature/humidity  chamber  with  the  ends  of  the  individual 
fiber  strands  outside  the  chamber  to  prevent  moisture  from 
entering  at  the  exposed  glass-coating  interface.  The  chan^r 
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temperature  was  maintained  at  85±0.5°C;  the  humidity  was 
maintained  at  85±4%  using  deionized  water  of  pH  7.0±0.3. 
Similar  loose  coils  were  immersed  in  recirculating  tanks  with 
precision  heaters  to  maintain  the  temperature  at  85±0.1°C. 
Deionized  water  was  used  with  a  resistivity  of  18Mn-cm  and  a 
pH  of  7.0±0.3.  The  fiber  ends  were  again  kept  outside  the 
water  tank.  Finally,  smaller  coils  were  aged  in  a  convection 
oven  at  85±2°C:  previous  measurements  in  this  oven  indicated 
an  ambient  relative  humidity  of  <30%  at  85°C. 

DIFFERENTIAL  PHOTOCALORIMETRY 

A  detailed  description  of  the  DPC  test  procedure  was  published 
previously Briefly,  12-15  mg  samples  of  the  aged  fibers 
were  cut  into  short  lengths  that  fit  into  standard  thermal 
analysis  pans.  A  small  amount  of  mineral  oil  was  used  to 
enhance  thermal  conductivity  between  the  fiber  lengths  and  the 
pan.  Each  sample  was  exposed  to  ultraviolet  light  In  the  DPC 
instrument  and  the  exothermic  heat  generated  by  its  residual 
curing  reaction  was  measured.  The  analysis  of  each  curve 
included  compensation  for  external  heating  of  the  sample  by 
infrared  radiation  from  the  light  source. 

The  samples  aged  at  85°C/85%  RH  and  in  85°C  deionized 
water  showed  no  residual  coating  cure  during  DPC.  This  was 
true  for  all  samples  after  all  aging  intervals.  These  and  other 
results  are  discussed  in  detail  later. 

DPC  tests  of  the  dry-aged  samples  did  generate  exothermic 
curves.  The  size  of  the  residual  exotherm  depended  upon  the 
coating  tested,  its  initial  extent  of  cure,  and  the  duration  of  the 
aging,  as  shown  in  Table  2.  After  one  day  of  aging,  fiber  133 
#1 ,  which  had  a  high  initial  extent  of  coating  cure,  had  a  less 
pronounced  exotherm  than  the  other  fibers.  The  shape  of  the 
curve  suggests  that  3.6  J/g  is  artificially  high;  the  baseline 
could  not  be  adjusted  to  compensate  fully  for  infrared  heating. 
A  more  typical  exotherm,  for  fiber  008  #4  after  one  day  of 
aging,  is  shown  in  Figure  1;  the  baseline  compensation  for 
infrared  heating  is  also  shown.  Seven  days  of  aging  was  long 
enough  that  only  fiber  008  #4,  whose  initial  extent  of  coating 
cure  was  quite  low,  showed  a  residual  exotherm;  however,  the 
curves  were  difficult  to  read  and  the  value  for  the  exotherm  is 
only  approximate. 

Table  2.  Residual  Exotherm  for  Dry-Aged  Fibers 

133  #1  133  ff2 

<1  to  3.6  J/g  3.4  J/g 


Aged 
1  Day 
Aged 
7  Oavs 


Qflfl...g3  008  #4 

2.2  J/g  6.3  J/g 

—  -0.5  J/g 


FIBER  STRENGTH 

Fiber  strength  was  measured  using  a  two-point  bending 
apparatus,  consisting  of  two  parallel  platens,  one  fixed  and  one 
moving,  between  which  a  fiber  loop  is  bent  until  it  breaks. 
The  moving  platen  is  driven  by  a  computer-controlled  stepper 
motor;  the  rate  of  closure  can  be  varied  so  that  the  maximum 
stress  in  the  fiber  changes  at  a  constant  rate.  When  fiber 
failure  is  detected  by  an  acoustic  transducer,  the  computer 
stops  the  moving  platen  and  records  the  platen  separation.  The 
failure  stress  is  calculated  from  this  separation,  the  fiber 
dimensions,  and  the  elastic  modulus  of  the  glass.  B^use  the 
effective  gage  length  is  small,  the  probability  of  measuring  a 
fiber  sample  containing  a  large  flaw  is  also  small,  and  the  test 
results  tend  to  be  uniform  and  unimodal.  The  bending  tests 
were  conducted  at  a  stress  rate  of  6  MPa/sec  with  the  fiber 
loops  immersed  in  23°C  deionized  water  with  a  pH  of  7.0±0.3. 


Figure  1 .  Residual  Cure  of  Fiber  008  #4  after  One  Day 
of  85°C  Dry  Aging 


Figure  2.  Strength  Degradation  during  Aging  at  85°C/85%  RH 


The  effects  of  aging  at  85°C/85%  RH  on  the  strength  of  all 
four  fibers  are  shown  in  Figure  2.  Fiber  008  #3  (higher 
cure  coating)  was  hardly  affected,  losing  less  than  3%  of  its 
strength  after  90  days.  Fiber  008  #4  behaved  similarly  for 
the  first  30  days  of  aging,  iosing  about  4%  of  its  strength; 
between  30  and  90  days,  however,  a  significant  additional  loss 
of  strength  occurred,  for  a  total  strength  decrease  of  about 
12%.  For  fibers  133  #1  and  #2,  the  greatest  loss  of  strength 
occurred  in  the  first  day,  about  13%  for  #1  (higher  cure) 
and  9%  for  #2.  Thereafter,  the  rate  of  loss  was  slower  and 
roughly  constant  for  both  fibers;  the  final  decrease  in  strength 
was  about  18%  for  fiber  #1  and  almost  14%  for  #2. 

The  results  for  the  fibers  aged  in  85°C  deionized  water  are 
given  in  Figure  3.  Both  fiber  008  #3  and  #4  showed  a  slow 
decrease  in  strength,  about  32%  for  #3  and  almost  27%  for 
#4.  The  rate  of  decrease  was  essentially  constant  over  time. 
Fibers  133  #1  and  #2  showed  a  much  larger  decrease  in 
strength,  about  63%  for  #1  and  59%  for  #2.  Also,  the  rate 
of  decrease  was  not  constant,  as  both  fibers  lost  about  50%  of 
their  strength  in  the  first  week  of  aging. 

STRIP  FORCE 

Strip  force  tests  were  performed  in  accordance  with  FOTP- 
178.1^1  The  force  required  to  strip  the  coating  was  measured 
using  a  commercial  stripping  tool  mounted  in  a  screw-driven 
universal  tensile  testing  machine.  A  gage  length  of  3  cm  and  a 
stripping  speed  of  50  cm/min  were  used. 
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Figure  3.  Strength  Degradation  during  Aging  in  85°C  Deionized 
Water 
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Figure  6.  Strip  Force  for  133-Coated  Fibers  after  RH  Aging 


Figure  7.  Strip  Force  for  133-Coated  Fibers 
after  Deionized  Water  Aging 


Figure  4.  Strip  Force  for  008-Coated  Fibers  after  RH  Aging 
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Figure  5.  Strip  Force  for  008-Coated  Fibers 
after  Deionized-Water  Aging 


The  results  for  008-coated  fibers  #3  and  #4  aged  at 
85°C/85%  RH  are  shown  in  Figure  4.  The  strip  force  for  the 
unaged  samples  was  higher  for  lower  cure  coating  #4  than  for 
higher  cure  coating  #3.  This  is  consistent  with  our  previous 
results  (Table  1),  although  the  values  are  6-10%  higher  than 
measured  earlier.  For  both  samples,  strip  force  decreased 
with  aging  time,  to  about  65%  of  its  initial  value  for  coating 
#3  and  to  about  70%  of  its  initial  value  for  coating  #4.  The 


scatter  in  the  data  was  less  for  coating  #3  than  for  #4.  For 
both  samples,  the  rate  of  decrease  slowed  as  aging  progressed. 

The  data  for  008-coated  fibers  #3  and  #4  aged  in  85°C 
deionized  water  are  shown  in  Figure  5.  The  values  for  lower 
cure  coating  #4  fell  well  below  those  for  higher  cure  #3  after 
one  day  of  aging;  they  also  had  a  greater  scatter.  Strip  force 
initially  decreased  atout  25%  for  #3  and  over  70%  for  #4. 
In  both  cases,  however,  strip  force  eventually  increased,  to 
over  90%  and  to  55%  of  the  unaged  values,  respectively. 

The  results  for  133-coated  fibers  #1  and  #2  are  shown  in 
Figures  6  and  7  for  RH  and  deionized  water  aging, 
respectively.  The  strip  force  for  unaged  higher  cure  fiber  #1 
was  unchanged  from  our  earlier  measurements;  however,  the 
value  for  unaged  fiber  #2  doubled.  The  behavior  during  RH 
aging  was  similar  to  the  008  fibers  in  several  ways:  lower 
cure  coating  #2  had  higher  strip  forces  than  #1;  strip  force 
decreased  with  aging,  by  about  10%  for  coating  #1  and  about 
30%  for  #2;  and  the  data  for  fiber  #2  showed  more  scatter 
than  for  #1.  However,  both  133-coated  fibers  (especiaily 
higher  cure  #1)  were  less  affected  by  the  RH  environment. 
Also,  the  rate  of  change  of  strip  force  for  fiber  133  #2 
increased  rather  than  decreased  during  aging. 

In  deionized  water,  the  strip  force  initially  decreased  by  about 
45%  for  coating  #1  and  55%  for  #2.  In  both  cases,  the  strip 
force  eventually  increased  during  aging,  to  about  85%  and 
75%  of  the  unaged  values,  respectively.  Although  the 
magnitudes  of  the  changes  are  different,  these  results  are 
qualitatively  similar  to  those  for  the  008-coated  fibers. 
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OTHER  CHARACTERISTICS 

We  measured  the  weight  loss  of  133-coated  fibers  immersed 
in  80°C  deionized  water  for  one  day  and  longer.  Fiber  lengths 
were  conditioned  at  23±2‘“C,  50±5%  RH  before  and  after 
aging.  The  weight  loss  was  2%  for  fiber  #1  and  1%  for  fiber 
#2  after  one  day;  it  increased  more  slowly  thereafter. 

Typical  mean  values  for  the  diameters  of  unaged  fibers  and  of 
fibers  aged  at  85%  RH  and  in  deionized  water  are  given  in 
Table  3.  Shrinkage  of  the  coatings  ranged  from  <1%  to  7% 
during  90  days  of  aging  at  85%  RH.  All  fibers  exhibited 
greater  changes  during  deionized-water  aging  than  during  RH 
aging;  after  90  days,  the  shrinkage  ranged  from  6%  to  11%. 


Table  3.  Diameter  Shrinkage  of  008-  and  133-Coated  Fibers 


during  Aging 

Fiber  as 

90  Days  at 

90  Days  in  85°C 

Drawn 

as°c/a5%.RH 

Deionized  Water 

008 

#3 

262  pm 

245  pm 

239  pm 

008 

#4 

261  pm 

239  pm 

232  pm 

133 

#1 

240  pm 

239  pm 

225  pm 

133 

#2 

230  pm 

222  pm 

215  pm 

temperatures  and  incomplete  extents  of  cure  in  the  present 
tests  accelerate  these  changes.  Recent  workl^^I  indicates  that 
the  photoinitiator  in  such  coatings  is  susceptible  to  extraction 
by  water;  high  humidity  has  this  solvent  effect  to  a  lesser 
degree.  Extraction  of  unreacted  photoinitiator  would  account 
for  both  the  weight  iosses  and  the  shrinkages  in  diameter,  and 
would  prevent  any  further  curing  reaction  in  wet-aged 
samples.  When  these  coatings  were  aged  in  a  dry  environment, 
however,  no  extraction  occurred.  Residual  curing  was 
thermally  stimulated,  as  observed  with  UV  curable 
polyurethane  acrylate  splice  adhesives.l'^1  Exothermic 
evidence  of  residual  curing  disappeared  over  several  days  of 
dry  aging;  the  coating  with  the  lowest  overall  extent  of  cure 
(008  #4)  maintained  the  highest  residual  cure  reaction  for 
the  longest  time  (Table  2). 

The  greater  weight  losses  experienced  by  the  008-coated 
fibers  are  consistent  with  the  greater  shrinkage  measured  for 
these  fibers  (Table  3).  These  changes  were  largest  for  lower 
cure  fiber  #4,  consistent  with  the  large  amount  of 
photoinitiator  available  for  extraction  from  this  coating. 
Greater  shrinkage  was  also  experienced  by  all  fibers  during 
deionized  water  aging  than  during  RH  aging,  indicating  that 
deionized  water  had  a  stronger  solvent  action  than  the  high 
humidity  environment. 


Dynamic  mechanical  thermal  analysis  (DMTA)  was  performed 
on  the  unaged  and  several  of  the  aged  fiber  samples.  A  parallel 
array  of  2.5-cm-long  fiber  pieces  in  a  special  fiber  clamp! 
was  subjected  to  single-cantilever  bending  with  a  small 
oscillatory  strain  at  1,  10  and  30  Hz  over  the  temperature 
range  -135°C  to  +125'’C.  The  glass  transition  temperature 
(Tg)  and  loss  tangent  (tan  S,  the  ratio  of  the  loss  modulus  to 
the  storage  nrKXfulus)  of  the  coating  were  measured.  Changes  in 
these  parameters  indicate  changes  in  the  extent  of  cure  and/or 
degradation  of  the  coating.  The  results  for  fiber  008  #3  are 
shown  in  Table  4.  Fiber  008  #4  was  similarly  affected  by 
both  85°C  deionized-water  aging  and  85°C/85%  RH  aging. 


Table  4.  Changes  in  Tg  and  tan  5  for  Fiber  008  #3  Due  to  Aging 


Unaged 
Condition 
Tg  70“C 
tan  5  0.090 


1  Day  30  Days  at 
85%  Dry  85°C/85%  RH 
74°C  74°C 


30  Days  in  85°C 
Deionized  Water 
75°C 


0.088  0.079 


0.079 


DISCUSSION 

The  lack  of  a  residual  exotherm  for  fibers  aged  at  85%  RH  and 
in  deionized  water  indicates  that  no  additional  curing  occurs. 
This  means  either  that  the  curing  reaction  was  completed  via 
thermal  aging  or  that  no  further  reaction  was  possible  because 
one  or  more  reactants  were  absent.  Completion  of  the  reaction 
in  less  than  one  day  of  thermal  aging  is  unlikely  for  fibers 
with  low  initial  extents  of  cure;  also,  exotherms  were  obtained 
for  samples  dry-aged  for  one  day.  It  is  more  likely  that  one  or 
more  reactants  were  extracted  from  the  incompletely  cured 
coating  by  water  or  humidity  in  the  aging  environment. 


The  DMTA  results  (Table  4)  offer  additional  evidence  of  this 
effect,  as  Tg  showed  a  greater  change  after  aging  in  deionized 
water  than  after  RH  aging.  A  decrease  in  tan  S  together  with  an 
increase  in  Tg,  as  seen  for  all  three  aging  environments, 
typically  indicates  an  increase  in  the  extent  of  cure,  as  the 
crosslink  density  increases  and  the  material  becomes  more 
elastic.  Since  extraction  of  photoinitiator  in  the  wet 
environments  prevented  further  curing  from  occurring,  the 
observed  changes  at  first  seem  contradictory.  However,  after 
extraction,  crosslinked  material  represents  a  greater  fraction 
of  the  remaining  coating.  These  higher  proportional  extents  of 
cure  are  thus  consistent  with  the  changes  in  weight,  diameter, 
and  residual  cure. 

The  strength  data  (Figures  2  and  3)  reflect  the  differences  in 
the  properties  of  the  two  coatings,  different  initial  extents  of 
cure,  and  different  aging  environments.  The  133-coated 
fibers  experienced  twice  the  strength  degradation,  on  average, 
of  the  008-coated  fibers;  one-half  to  two-thirds  of  the 
degradation  occurred  in  the  first  few  days  in  either  aging 
environment.  The  results  are  consistent  with  the  differences 
in  the  properties  of  the  008  and  1 33  coating  materials  (Table 
5).  The  higher  crosslink  density  of  the  008  coating  makes  It 
stiffer,  stronger,  and  less  affected  by  changes  in  temperature 
and  humidity.  At  comparable  but  still  incomplete  extents  of 
cure,  008  coatings  have  higher  crosslink  densities  than  133 
coatings,  thus  hindering  the  extraction  of  unreacted  material 
from  the  crosslinked  matrix  and  to  some  degree  slowing  the 
permeation  of  water  or  humidity  through  the  coating. 


Table  5.  Properties  of  Fully-Cured  008  and  133  Coatings 


Fiber  008  #4  lost  about  4%  of  its  initial  coating  weight  when 
aged  in  80°C  deionized  water  for  one  day  or  longer.Hl  Fiber 
008  #3  lost  about  3%  of  its  initial  coating  weight. 
Similarly-aged  133-coated  fibers  experienced  weight  losses 
of  about  2%  for  fiber  #2  and  about  1%  for  fiber  «1.  A  study 
of  the  weight  changes  in  polyurethane  acrylate  coatings  aged  in 
25°C  water  showed  that  fully  cured  coatings  gained  weight  in 
the  first  few  hours  due  to  water  absorption,  followed  by  weight 
losses  of  up  to  4%  after  28  days.M'l  The  higher  aging 


008  Coating 

Tensile  Modulus,  MPa  655 

Tensile  Strength,  MPa  2  6 

Expansion  Coefficient  Ratio  .... 

Above  Tg/Below  Tg 

Modulus  Change,  25°C  to  -40°C  2:1 

Glass  Acftieskm  Ratio  o . 

50%  RH/95%  RH  ’ 


133  Coating 
28 
9 

4:1 

30:1 

5:1 
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The  strength  differences  for  fibers  with  the  same  coating  were 
similar  throughout  the  aging.  Even  after  90  days  of  RH  aging, 
fiber  008  #4  was  less  than  10%  below  its  extrapolated  value 
relative  to  008  #3.  Degradation  in  strength  is  essentially 
independent  of  extent  of  cure,  at  least  for  these  coatings,  and 
the  effects  of  different  extents  of  coating  cure  on  fiber  strength 
can  be  completely  determined  by  testing  unaged  fibers. 

The  median  strength  of  all  fibers  decreased  with  increasing 
aging  time.  The  degradations  for  each  of  the  four  coated  fibers 
during  deionized  water  aging  were  from  two  to  ten  times  larger 
than  for  the  same  fiber  during  RH  aging.  This  effect  is  simiiar 
to  the  greater  shrinkage  experienced  by  all  fibers  in  the 
deionized  water  environment.  The  resuits  are  also  consistent 
with  previous  predictions  and  experimental  findings  regarding 
the  effects  of  local  chemistry  on  the  surface  degradation  of  the 
glass.l’^'^®!  The  coating  hinders  the  diffusion  of  the  outside 
environment  toward,  and  reaction  products  away  from,  the 
glass  surface;  it  can  also  directly  influence  the  chemical 
environment  at  the  glass  surface  through  reaction  by-products 
and  dissolved  materials.!^ '^1  Since  the  water  and  RH  aging 
environments  were  both  generated  using  pH-neutral  deionized 
water,  differences  in  strength  between  otherwise-identical 
fibers  are  traceable  to  the  different  degradation  products 
introduced  at  the  giass  surface  by  the  differences  in  chemical 
composition  between  the  coatings.  The  degradation  is  both 
more  rapid  and  more  pronounced  in  deionized  water  because  of 
its  stronger  solvent  action. 

The  strip  force  data  (Figures  4-7)  aiso  refiect  differences  in 
the  two  coatings,  their  initial  extents  of  cure,  and  the  aging 
environments.  Strip  forces  measured  for  133-coated  samples 
were  generally  lower  than  those  for  008-coated  samples  with 
a  similar  aging  history  and  comparable  extent  of  cure.  This 
was  noted  previously  for  samples  with  no  wet  preconditioning 
or  aging  .(4)  (The  present  higher  values  for  the  unaged  samples 
likely  reflect  a  sensitivity  to  storage  in  an  uncontrolled 
environment  between  the  tests.)  For  both  the  008  and  133 
coatings,  the  strip  force  for  unaged  samples  was  higher  for  the 
fiber  with  the  lower  extent  of  coating  cure.  The  tower  cure 
coatings  buckled  into  accordion  folds  when  stripped,  rather 
than  sliding  off  as  a  smooth  tube;  this  same  behavior  was  noted 
previously  for  unaged,  unconditioned  samples.i^l  Higher  strip 
forces  were  measured  for  the  lower  cure  coatings  during  RH 
aging.  However,  during  deionized  water  aging  the  strip  forces 
for  each  lower  cure  coating  were  comparable  to  or  lower  than 
those  for  the  corresponding  higher  cure  coating.  This  is 
evidence  that  the  aggressive  deionized  water  environment 
penetrates  the  coatings,  leading  to  entrapped-water  effects 
that  dominate  extent-of-cure  effects. 

Lower  extents  of  cure  enhance  the  differences  between  the 
deionized  water  and  RH  environment  effects.  The  strip  forces 
for  higher  cure  coating  008  #3  in  the  RH  environment  were 
comparable  to  those  in  deionized  water  during  much  of  the 
aging.  Even  after  90  days  of  RH  aging,  however,  the  strip 
force  for  lower  cure  coating  008  #4  was  higher  than  that  for 
the  same  fiber  aged  in  deionized  water.  The  differences  in 
strip  force  for  higher  cure  coating  133  #1  between  the  two 
environments  were  about  two-thirds  of  the  differences  for 
coating  133  #2  until  the  very  end  of  the  aging  period.  Ninety 
days  of  RH  aging  were  again  required  before  the  strip  force  for 
coating  133  #2  became  comparable  to  that  for  samples  aged  in 
deionized  water. 

Strip  force  incorporates  the  effects  of  coating  adhesion  to 
glass,  friction,  and  coating  stiffness  and  cohesion.  The 
different  behaviors  just  cited  are  due  to  the  different  stripping 
mechanisms  that  result  from  different  coating  cures.  A  small 
amount  of  water  at  the  coating/glass  interface  lubricates  the 


mechanical  slippage  of  a  smooth  tube  of  coating  off  the  glass. 
The  buckling  mechanism,  however,  involves  radial  forces  that 
pull  the  coating  off  the  glass.  The  deionized  water  environment 
soon  introduces  enough  water  into  the  coating  to  affect  both 
stripping  mechanisms.  The  RH  environment  introduces  water 
more  slowly,  and  the  sliding  friction  is  affected  more  quickly 
than  the  less  water-sensitive  buckling  mechanism. 

Aging  in  deionized  water  caused  an  initial  decrease  in  strip 
force  for  all  four  fibers,  followed  by  a  gradual  (smaller) 
increase.  The  overall  decrease  suggests  that  the  coating 
structure  may  be  unravelling,  which  may  result  from  the  loss 
of  water-soluble  components  (e.g.,  photoinitiator)  and  the 
disentanglement  of  crosslinks.  The  eventual  increase  is  iikeiy 
due  to  the  shrinkage  of  the  coating,  which  increases  its 
mechanical  grip  on  the  fiber  and  hence  the  friction  component 
of  the  strip  force. 

SUMMARY 

We  tested  fibers  with  two  different  coatings,  each  with  two 
extents  of  cure,  to  determine  the  effects  of  the  extent  of  cure 
on  aging  behavior.  Aging  in  deionized  water  or  at  85%  RH 
extracted  unreacted  photoinitiator  from  the  coating, 
preventing  further  curing.  Extraction  also  caused  shrinkage 
and  weight  loss  in  both  coatings.  The  strength  degradations 
depended  on  the  coating  properties,  including  differences  in 
chemical  composition,  and  on  the  aging  environment;  they 
were  largely  independent  of  the  extent  of  cure.  Strip  force, 
however,  did  show  a  dependence  on  the  extent  of  cure:  longer 
aging  times  at  85%  RH  were  required  to  weaken  the  strip 
forces  for  the  lower  cure  coatings.  Strength  and  strip  force 
were  both  more  affected  by  the  more  severe  deionized-water 
environment. 
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ABSTRACT 

Telecommunications  cables  used  in  the  Australian 
network  have  historically  been  subject  to  attack  by 
subterranean  insects  resulting  in  significant  damage 
to  cable  sheath.  As  a  result  of  extensive 
investigations  the  most  successful  solution  to  the 
problem  has  been  the  extrusion  of  a  protective 
polyamide  jacket  over  conventional  polyethylene 
sheathed  cable.  This  system,  however,  still  retained 
some  inherent  technical  and  economic  disadvantages. 
The  development  of  a  co-extruded  polyethylene  / 
polyamide  12  cable  construction,  where  the  sheath 
and  jacket  are  integrally  bonded,  overcame  these 
deficiencies.  This  paper  describes  the  processes  of 
the  development  from  innovative  material  and  cable 
manufacture  to  assessment  of  cable  performance  . 


INTRODUCTION 

The  Australian  environment  imposes  a  host  of 
challenges  to  the  design  and  effective  performance  of 
external  telecommunications  cable  installations. 
Environmental  factors,  in  many  instances  quite 
unique  to  Australia,  that  impinge  on  the  cable 
performance  range  from  the  wide  climatic  extremes 
to  varied  geological  barriers  and  attack  from  both 
indigenous  and  introduced  flora  and  fauna. 

One  such  challenge  focuses  on  the  protection  of 
external  telecommunications  cable  from  subterranean 
insect  attack.  Telecommunications  cables  used  in 
Australia,  both  in  rural  and  metropolitan  installations, 
have  historically  been  subject  to  attack  by  termites 
and  ants,  resulting  in  cable  sheath  damage 
exemplified  by  Figure  1 . 


(a)  (b) 


Figure  1.  Termite  Damage  to  Telecommunications 
Cable  (a)  Lead  Sheath  (b)  Polyethylene 
Sheath 

Numerous  approaches  to  solving  the  problem  of 
termite  attack  had  been  investigated  ranging  from 
soil  and  cable  impregnation  with  chemicals 
(insecticides  and  repellents)  to  the  development  and 
evaluation  of  materials  considered  resistant  to  the 
attack  mechanisms  ^’2. 

The  majority  of  the  approaches,  however,  were  found 
to  be  technically  and/or  environmentally 
unacceptable.  Through  a  systematic  elimination  of 
potential  candidate  materials,  based  on  processing 
inadequacies,  high  costs  and  failure  under  field 
evaluation,  the  polyamides  1 1  and  1 2  proved  to  be 
the  only  materials  which  were  resistant  to  termite 
attack  and  suitable  for  use  in  cable  construction, 
specifically  as  a  thin  (0.3b  mm),  unblemished  outer 
jacket  over  standard  design  cables. 
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This  system  has  been  used  in  the  Australian  network 
for  many  years  and  has  markedly  reduced  the 
incidence  of  cable  damage  due  to  termite  attack. 
However,  it  too  has  some  inherent  technical  and 
economic  disadvantages: 

a)  the  cable  jacket  is  prone  to  creasing  (Figure  2) 
when  subjected  to  severe  bending  either  through 
unwinding  from  cable  dmms  or  during 
installation.  Such  surface  blemishes  are 
initiation  points  for  insect  attack  and  also  sites 
that  can  catch  and  promote  tearing  of  the  jacket 
during  cable  laying. 

b)  the  cost  of  cable  is  considerably  higher  due  to 
the  need  to  extrude  the  additional  covering  of 
polyamide,  plus  the  high  cost  of  the  fully 
imported  polyamide  12  raw  material. 


Figure  2.  Typical  Creasing  of  Polyamide  Jacket 

It  was  considered  that  the  provision  of  a  high 
strength  bond  between  the  underlying  polyethylene 
sheath  and  the  polyamide  jacket  may  be  the  solution 
to  these  inadequacies. 

This  paper  describes  the  development  of  such  a  cable 
construction  in  which  the  bond  is  achieved  through 
the  chemical  modification  of  the  polyethylene 
sheathing  material  and  the  use  of  a  two-layer  co¬ 
extrusion  sheathing  process.  This  system  both 
promotes  adhesion  and  reduces  process  and  material 
costs. 


PERFORMANCE  CRITERIA 

The  success  of  the  development  was  dependent  on 
the  conformance,  of  both  the  materials  and  finished 
cable,  to  stringent  performance  criteria  which  were 
identified  at  the  start  of  the  project. 

Materials  Parameters 

TTie  materials  selected  were  required  to  exhibit: 

•  good  adhesion  between  the  sheath  and  jacket 
(minimum  1.5  N/mm  width  bond  strength) 

•  long  term  environmental  .stability  comparable  to 
that  of  current  sheath  and  jacket  materials 

•  acceptable  processing  characteristics 

•  satisfactory  shelf  life 

•  minimal  cost  increases 

Cable  Parameters 

The  finished  cable  was  required  to  exhibit: 

•  uniform  circumferential  bond  between  the 
sheath  and  jacket  (minimum  bond  strength  of 
1 .5  N/mm  width) 

•  retention  of  bond  strength  under  a  variety  of 
environmental  conditions 

30  days  immersion  in  water  at  bO^C 
30  days  immersion  in  petrol  at  23°C 
30  days  in  air  oven  at  80°C 

•  acceptable  cable  finish  ie.  smooth  gloss  finish 
and  no  propensity  to  crease 

•  compatibility  with  current  jointing  practices 

•  termite  and  ant  resistance 


MATERIAL  DEVELOPMENT 

The  major  obstacle  in  achieving  an  integral  bond 
between  polyethylenes  and  polyamides  lies  in  the 
materials'  incompatibility  due  to  polarity  differences. 
This  incompatibility  has  in  part  been  overcome  in  the 
packaging  industry  where  the  adhesion  of  dissimilar 
multi-layer  films  is  achieved  by  co-extrusion  of  tie- 
layers  between  the  incompatible  materials. 

The  cost  of  using  such  tie-layer  technology  in  the 
cable  manufacturing  industry,  however,  is 
prohibitive.  A  simpler  and  more  cost  effective 
solution  was  to  incorporate  an  additive  of  appropriate 
polarity  into  one  of  the  exi.sting  materials  (either  the 
polyamide  or  polyethylene)  which  would  enable  it  to 
bond  to  the  other  without  compromising  the  physical 
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properties,  stability,  processability  or  surface  finish 
of  either.  As  the  polyamide  12  has  proven  insect 
resistance,  it  was  considered  prudent  not  to  interfere 
with  its  formulation,  but  rather  to  modify  the 
polyethylene  layer  beneath. 

Various  formulations  of  polyethylene  based  materials 
containing  unsaturated  acids  or  anhydrides^  were 
trialed  in  the  laboratory.  The  critical  parameter  of 
bond  strength,  measured  using  the  standard  180°  peel 
test^,  was  initially  assessed  on  blow  moulded  co¬ 
extruded  bottles  having  wall  thicknesses  of  the 
polyamide  and  polyethylene  consistent  with  that 
found  on  cables.  This  enabled  the  determination  of 
the  most  suitable  adhesive  component  (Figure  3)  and 
respective  concentration  required  to  produce  a 
minimum  bond  strength  of  1 .5  N/mm  width. 


ABCOEFGH  I 


A;  0.006%  Maleic  Anhydride  B:  0.008%  Maleic  Anhydride 

C:  0.010%  Maleic  Hydride  D:  0.012%  Maleic  Anhydride 

E:  0.400%  Maleic  Anhydride 

F;  0.008%  Maleic  Anhydride  +  12.74%  Butyl  Acrylate 
G:  0.010%  Maleic  Anhydride  +  12.74%  Butyl  Acrylate 
H:  4.95%  Acrylic  Acid  I:  8.25%  Acrylic  Acid 

Figure  3.  Peel  Strength  Variations  With  Different 
Additive  Components  and  Concentrations 

During  the  fine  tuning  stage  greater  flexibility  and 
reproducibility  in  sample  preparation  was  obtained 
using  an  Otto  Bruger  Heat  Sealer,  an  apparatus 
commonly  used  for  testing  sealing  properties  of 
packaging  films.  The  polyamide  and  the  modified 
polyethylene  compounds  were  each  extruded  into 
tapies  of  appropriate  thickness.  Then  laminates  of 
aluminium  /  modified  polyethylene  /  polyamide  were 
formed  on  the  heat  sealer  using  various  control 
parameters  such  as  polymer  temperature,  contact 
time  prior  to  quenching  and  contact  pressure. 

This  method  proved  to  be  more  representative  of 


extmsion  conditions  used  during  cable  manufacture. 
It  demonstrated  that  the  polyethylene  /  polyamide 
bond  strength  improved  as  temperature  and  pre¬ 
quench  time  was  increased  but  deteriorated  if  the 
contact  pressure  was  too  high. 

The  modified  polyethylene  also  adhered  well  to 
uncoated  aluminium  which  raised  the  as  yet 
unexplored  opportunity  of  using  uncoated  aluminium 
as  the  moisture  barrier  in  a  one  pass  cable 
manufacturing  process.  At  present  the  aluminium 
moisture  barrier  used  for  Australian  cables  is  pre¬ 
coated  with  a  layer  of  ethylene-ethyl  acrylate 
copolymer  to  ensure  adhesion  to  the  polyethylene 
sheath. 

In  addition  to  the  bond  strength  tests,  accelerated 
thermal  ageing  tests  were  performed  on  the  modified 
polyethylene  to  compare  its  long  teim  stability  with 
that  of  current  sheathing  materials.  Results  of 
Oxidation  Induction  Time  (OIT)^  measurements 
(Figure  4)  and  tensile  tests^  on  the  aged  specimens 
indicated  similar  performance  for  both  the  modified 
and  unmodified  polyethylene  sheath  resins. 


Figure  4.  Comparison  of  Ageing  Characteristics  of 
Standard  and  Modified  Polyethylene 
Sheath  Materials 


The  durability  of  the  bond,  tested  by  ageing  the 
laminates  in  the  prescribed  environments,  also 
proved  satisfactory  with  retention  of  bond  strength  at 
an  acceptable  level  after  exposure.  Finally,  the  shelf 
life  of  the  modified  compound  was  found  to  be 
satisfactory  through  regular  adhesion  tests  over  a  2 
year  period. 
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The  version  of  the  modified  polyethylene  compound 
which  performed  best  was  ICI  COEX  500.  This 
grade  was  ultimately  used  in  the  cable  manufacturing 
trials. 


CABLE  MANUFACTURE 

The  manufacturing  development  occurred  through  a 
number  of  stages  to  examine  and  optimise  the 
processing  variables.  This  was  carried  out  in 
conjunction  with  the  material  development 
programme. 

The  first  experimental  cables  were  manufactured  on 
a  standard  co-extrusion  line  consisting  of  a  2/iinch 
main  extruder  used  for  the  inner  polyethylene  sheath 
and  a  1  inch  vertical  extmder  used  for  the  extrusion 
of  the  outer  polyamide  12  jacket.  The  vertical 
extruder  fed  the  polyamide  melt  directly  into  the 
head  of  the  main  polyethylene  extruder  and  the  two 
materials  made  first  contact  in  the  head  and  then 
extruded  through  a  common  die.  Both  materials 
were  processed  with  standard  temperature  profiles 
recommended  by  the  material  suppliers. 

During  the  initial  trials  it  was  considered  important 
that  the  melt  temperatures  of  both  materials  be  kept 
as  close  as  possible  to  facilitate  the  transfer  of 
bonding  agent  between  the  inner  polyethylene  and 
outer  polyamide  to  maximise  the  bond  strength. 
These  early  trials,  however,  met  with  little  success 
due  to  difficulties  caused  by  exudation  of  the  active 
ingredient  from  the  polyethylene.  This  problem  lead 
to  further  polyethylene  reformulation. 

These  early  stages  of  cable  development  did, 
however,  highlight  three  equipment  /  processing 
problems: 

•  the  polyamide  jacket  exhibited  melt  joins 

•  the  vertical  extruder  had  output  pressure 
limitations  which  resulted  in  extruder  cut  outs 
during  cable  manufacture 

•  variations  in  polyamide  jacket  thickness 

These  challenges  were  overcome  by: 

•  altering  the  tooling  design 

•  adapting  a  2  inch  extruder  for  the  polyamide  to 
the  line. 


•  placement  of  a  gear  pump  in  the  neck  between  the 
extruder  and  the  head  where  the  two  materials 
meet.  This  enabled  an  increase  in  the  polyamide 
output  with  the  ability  to  withstand  high  extrusion 
pressures  in  the  die.  It  also  minimised  variations 
in  the  polyamide  output  allowing  the  jacket  to  be 
extruded  at  0.2  mm  thicknesses  with  more 
confidence.  This  resulted  in  an  overall  reduced 
polyamide  usage. 

TTie  co-extruded  cables  produced  with  the  new 
extruder  set  up  showed  a  marked  improvement  in  the 
polyethylene  /  polyamide  bond  strength,  with  bond 
strengths  up  to  2.5  N/mm  width  being  attained.  It 
was  also  noted  that  the  bond  between  the  materials 
varied  around  the  circumference  of  the  cable  which 
was  primarily  due  to  inconsistent  extrusion  pressures 
resulting  from  an  oval  shape  of  the  cable  core. 

To  further  optimise  the  manufacturing  process  an 
experimental  matrix  was  designed  to  assess  the 
parameters  which  most  effect  the  bonding  (Table  1). 
Cables  co-extruded  with  the  improved  polyethylene 
formulation,  COEX  500,  exhibited  improved  bond 
strengths  which  conformed  to  all  the  bond  strength 
performance  criteria. 


Run  No. 

A 

Variable 

B 

C 

D 

1 

H 

L 

L 

L 

2 

H 

L 

H 

H 

3 

H 

H 

L 

H 

4 

H 

H 

H 

L 

5 

L 

L 

L 

H 

6 

L 

L 

H 

L 

7 

L 

H 

L 

L 

8 

L 

H 

H 

H 

Variables  H  =  High 

A  Extrusion  Head  Pressure  L  =  Low 

B  Polyethylene  melt  temperature 
C  Nylon  melt  temperature 
D  Line  Speed 

Table  I.  Experimental  Matrix  for  Optimisation  of 
Process  Parameters 

Bond  strength  evaluation  on  the  completed  cables 
manufactured  in  these  optimisation  trials  (Figure  5) 
indicated  that: 

•  changes  to  the  polyethylene  and  polyamide  melt 
temperatures,  within  the  processing  window, 
had  minimal  effect  on  bond  strength  on  the 
finished  cable.  In  addition  it  was  noted  that 
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high  melt  temperature  runs  produced  an 
unsatisfactory  surface  finish  on  the  polyamide 
with  defects  such  as  sharp  lumps  and  pimples, 
variations  in  the  extrusion  head  pressure  and  the 
line  speed  had  the  greatest  effect  on  the  bond 
strength.  The  line  speed  has  a  direct  effect  on 
the  time  that  the  polyethylene  and  polyamide 
melts  are  in  contact  prior  to  being  cooled. 


Figure  5.  Effect  of  Process  Parameter  Variation  on 
Bond  Strength 

Successful  optimisation  of  both  the  material 
modifications  and  the  processing  conditions  lead  to 
production  of  cables  for  laboratory  and  field 
evaluation.  The  bond  strength  between  the 
polyethylene  sheath  and  the  polyamide  12  jacket 
achieved  was  in  excess  of  4.0  N/mm  width  which  is 
well  above  the  specification  requirements. 


(a)  (b) 

Figure  6.  Scanning  Electron  Micrographs  (x50)  of 
Sheath  /  Jacket  Interface  (a)  Co-extruded 
Cable  (b)  Two  Pass  Extruded  Cable 


Micrographs  of  the  sheath  /  jacket  interface  (Figure 
6)  ftirther  confirmed  that  a  uniform  integral  bond 
exists  whereas  in  the  two  pass  extrusion  previously 
practiced  it  is  clearly  evident  that  no  bonding  occurs. 


CABLE  PERFORMANCE  EVALUATION 

Crucial  to  the  successful  implementation  of  the 
newly  developed  cable  into  the  network  is  its 
comparative  performance  to  that  of  the  conventional 
polyamide  jacketed  cable  in  the  areas  of  factory 
handling,  storage,  field  installation  and  overall  long 
term  field  performance. 

The  quality  and  long  tenn  performance  of  the 
conventional  polyamide  jacketed  cable  is  primarily 
dependent  on  the  smoothne.ss  and  thickness  of  the 
jacket  and  its  ease  of  removal  during  joint 
installation.  In  the  case  of  the  co-extmded  cable  the 
long  term  performance  will  depend,  in  addition  to  the 
surface  finish  requirements,  more  on  the  bonding 
quality  of  the  polyethylene  to  the  polyamide  and  the 
sealing  quality  of  the  various  cable  joints  to  the  outer 
polyamide  jacket. 

In  order  to  evaluate  the  performance  of  the  co¬ 
extruded  cable  against  that  of  conventional  cable  a 
number  of  Telecom  specified  tests  were  carried  out. 
These  included: 

•  Environmental  Ageing'^ 

•  Cable  Bending^ 

•  Cable  Jointing  Compatibility^-^’ 

Environmental  Ageing  Results 
Evaluation  of  the  cables  exposed  to  the  specified 
accelerated  environmental  ageing  conditions 
indicated  that  bond  .strength  was  retained  at  an 
acceptable  level  under  all  conditions  (Figure  7). 
Extended  long  term  laboratory  tests  indicate  this 
performance  will  be  maintained  in  the  field  situation. 
Field  evaluation  of  termite  resistance  is  still  in 
progress,  but  it  is  expected  to  be  satisfactory,  on  the 
basis  of  previous  experience. 
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Figure  7.  Degree  of  Bond  Strength  Retention  After 
Environmental  Exposure 


The  three  cable  joints,  commonly  used  within  the 

network,  involved  in  the  test  were: 

a)  In-Line  Joints  -  An  unpressurised  joint  used 
primarily  for  rural,  direct  buried  filled  cable 
installation  and  repair.  Its  operating 
environment  may  include  temperature  ranges 
from  -10“C  to  40°C,  humidity  extremes  and 
immersion  in  highly  alkaline  water  for  extended 
periods  of  time. 

b)  Openable  Distribution  Joints  -  An  unpressurised 
joint  used  in  urban  and  rural  areas  for  jointing 
filled  distribution  cable  in  pits  and  manholes 
exposed  to  similar  operating  environments  to 
that  of  in-line  joints. 

c)  Pressurised  Closures  -  Used  for  jointing  both  air 
core  and  jelly  filled  cables  in  manholes.  These 
joints  are  exposed  to  similar  environments  to 
that  of  the  other  joints  de.scribed. 


Cable  Bending 

The  purpose  of  this  test  is  to  ensure  that  the  cable- 
jacket  does  not  crease  or  delaminate  when  subjected 
to  specified  bending  conditions  that  may  be  likely  to 
occur  during  installation.  The  test  involves 
subjecting,  both  unaged  and  heat  aged,  cable  to  two 
forward  and  reverse  360  degree  cycles  of  bending 
around  a  mandrel  of  a  diameter  30  times  the  cable 
diameter.  To  accentuate  the  bending  force  the  cables 
were  also  tested  around  mandrels  10  and  IS  times  the 
diameter  of  the  cable.  All  samples  passed  with  no 
evidence  of  creasing,  delamination  or  any  other 
defects. 

Cable  Joint  Compatibility 

The  Australian  network  utilises  a  variety  of  jointing 
techniques  for  both  copper  and  optical  fibre  cable. 
Jointing  practices  associated  with  the  conventional 
polyamide  jacketed  cables  rely  on  the  removal  of  the 
jacket  at  the  cable  entry  ports.  This  is  done  in  order 
to  prevent  any  moisture,  formed  in  the  void  between 
the  polyamide  jacket  and  the  polyethylene  sheath 
along  the  cable  length,  entering  the  cable  joint.  In 
the  case  of  the  co-extruded  cable  this  process  cannot 
occur  as  the  polyethylene  and  polyamide  are  bonded. 
As  the  polyamide  jacket  cannot  be  removed,  its 
compatibility  with  current  jointing  practices  needed 
to  be  investigated,  particularly  under  conditions 
considered  to  simulate  expected  field  situations. 


In  the  case  of  the  In-line  and  Openable  Di.stribution 
joints  heat  shrinkable  plastic  tubing  is  used  to  seal 
the  cable  entry  ports.  In  this  process  the  hot  melt 
adhesive,  coated  onto  the  inner  surface  of  the  tubing, 
adheres  directly  onto  the  polyethylene  sheath. 
However,  with  the  co-extruded  cable  the  thermo¬ 
shrink  tubing  will  be  required  to  adhere  to  the 
polyamide  jacket  surface. 

To  determine  joint  compatibility  with  the  co-extruded 
cable  both  the  in-line  and  distribution  joints  were 
subjected  to  a  testing  programme  including: 

•  Thermo-shrink  Sleeve  Peel  Strength 

•  Flexure  test 

•  Alkaline  resistance 

•  Head  of  water 

•  Heat  ageing 

•  Thermal  cycling 

•  Insulation  withstand  voltage 

•  Axial  pull  out  strength 

In  the  case  of  the  pressurised  closures,  where  butyl 
rubber  is  used  to  seal  the  entry  ports,  a  slightly 
different  testing  programme  was  carried  out 
including: 

•  Tightness  test 

•  Thermal  ageing 

•  Temperature  cycling 

•  Head  of  water 

•  Tension  test 

•  Pressurisation  test 

•  Bending  test 
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The  results  indicated  that  the  co-extruded  cable 
performed  similarly  to  the  conventional  polyethylene 
/  polyamide  cable  in  all  the  cable  joint  compatibility 
tests  and  met  all  specification  requirements. 


CONCLUSION 


8  Telecom  Australia  Schedule  MSS  105,  Specification 
D1340  Issue  b,  "Heat  Shrink  Tubing  for  Moisture 
Barrier  Cable  Joint  Closure  Kits". 

9  Telecom  Australia  Schedule  MS5()53,  "Distribution 
Cable  Jointing  Materials  and  Accessories”. 

10  Telecom  Australia  Schedule  MS5069,  "Universal 
Joint  Closures  and  Accessories". 


The  refinement  of  specific  material  compositions  and 
cable  manufacturing  procedures  has  resulted  in 
development  of  an  innovative  telecommunications 
cable  construction,  based  on  a  co-extruded  modified 
polyethylene  /  polyamide  12  cable  design,  which  has 
proved  to  be  technically  and  economically  superior 
to  insect  resistant  cable  designs  previously  used. 
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WITH  WATER-BLOCKING  PROPERTIES 
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Abstract 

Twaron**  aramid  fibers  with  water-bloc- 
king  capability  in  Optical  Fiber  Cables 
have  been  developed.  By  using  water-in-oil 
emulsions  of  super-absorbing  polymers,  easy 
application  of  these  emulsions  on  the  ara¬ 
mid  fibers  is  possible.  The  water-blocking 
capability  of  these  finished  fibers  is 
superior  compared  to  fibers  treated  with 
conventional  methods. 

Introduction 

Optical  fiber  protection 

Optical  Fiber  Cable  (OFC)  designs  have 
to  anticipate  and  counteract  all  possible 
deteriorating  influences  on  the  light  gui¬ 
ding  properties  of  the  optical  fiber.  Since 
optical  glass  fibers  are  used  as  signal 
guides  due  to  their  low  light-attenuation 
properties ,  the  problem  of  the  mechanical 
and  chemical  vulnerability  of  the  optical 
glass  fiber  has  to  be  solved  by  the  OFC 
construction . 

Mechanical  forces  acting  on  the  opti¬ 
cal  fiber  can  be  eliminated  by  including 
linear  strength  members  of  high  modulus 
material  in  the  OFC  design.  Aramid  fibers 
posess  a  unique  combination  of  mechanical 
properties,  such  as  low  weight,  high 
strength,  high  modulus,  non-corossive, 
which  make  them  ideally  suited  for  applica¬ 
tion  as  linear  strength  member  material. 
Presently,  the  application  of  Twaron**  ara¬ 
mid  fibers  in  aerial  and  duct-in  OFC's  for 
this  purpose  is  recognised  as  highly  advan¬ 
tageous  . 

A  second  major  problem  in  OFC  design 
is  the  sensitivity  of  the  OFC  and  in  parti¬ 
cular  of  the  optical  glass  fiber  to  water. 
Water  contact  with  the  optical  fiber  will 
inevitably  lead  to  optical  signal  attenua¬ 
tion  hereby  rendering  a  strongly  reduced 
lifetime  of  the  OFC.  In  addition  water 
penetrated  into  the  OFC  can  lead  to  mecha¬ 
nical  damage  of  the  OFC  after  exposure  to 
freezing  temperatures. 


The  two  main  sources  of  water  contact 
are  splices  and  damaged  OFC  outer-shields. 
An  OFC  design  therefore  has  to  incorporate 
an  effective  water  repelling/blocking  me¬ 
chanism.  The  traditional  solution  to  this 
problem  was  to  use  gas-pressurized  OFC's. 
Production  and  maintenance  costs  of  the 
gas-pressurized  OFC's  have  led  to  the  deve¬ 
lopment  of  alternative  solutions.  Optical 
fibers  are  embedded  in  petroleum  jells.  The 
petroleum  jells  are  also  added  to  shields 
incorporated  in  the  OFC  design.  The  choice 
of  petroleum  jell  is  difficult  since  the 
chemical  and  physical  (mechanical)  proper¬ 
ties  of  the  jell  have  to  be  optimized  due 
to  its  direct  contact  with  the  optical  fi¬ 
bers  .  Although  water  absorbing  powders  were 
used  in  other  bulk  applications,  incorpora¬ 
ting  these  powders  in  OFC  designs  has  been 
a  major  innovation.  These  powders  have  a 
water-blocking  effect  in  the  OFC  design. 
Upon  water  contact  the  powder  increases  in 
volume  by  absorbing  the  water  to  form  a 
gel.  This  effectively  blocks  the  water  from 
further  diffusion  into  the  OFC.  The  water¬ 
blocking  effect  of  water-absorbing  compo¬ 
nents  such  as  these  powders  in  OFC's  is 
referred  to  as  longitudinal  water¬ 
tightness  . 

Traditional  approaches 

Several  variations  of  the  powder  ap¬ 
plication  approach  are  practiced.  The  pow¬ 
der  can  be  integrated  in  the  OFC  by  appli¬ 
cation  in  the  interstitial  areas  in  the 
OFC.  A  more  appropriate  solution  is  the  im¬ 
pregnation  of  fibers  or  tapes  around  the 
OFC  core  hereby  shielding  the  optical  fi¬ 
ber.  Although  this  solution  represents  the 
state-of-art  several  drawbacks  can  be  sta¬ 
ted.  During  production  of  the  impregnated 
fiber/tape  the  amount  of  water-absorbing 
powder  which  sticks  to  the  fiber/tape  is 
difficult  to  control.  In  addition  in  each 
subsequent  process  step  some  of  the  powder 
will  be  removed  from  the  fiber/tape  by 
mechanical  action.  Since  the  powder  is 
usually  applied  in  a  separate  process  the 
economic  consequences  of  powder  application 
can  be  severe.  The  most  important  drawback 
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of  the  powder  method  is  the  resulting  inho¬ 
mogeneous  distribution  of  the  powder  along 
the  tape/fiber.  The  result  of  such  an  inho¬ 
mogeneous  distribution  is  a  strongly  redu¬ 
ced  water-blocking  capability  of  the  fi¬ 
ber/tape  in  the  final  OFC  construction. 
This  can  only  be  counteracted  by  adding 
more  water-blocking  fiber/tape  in  the  OFC 
design  making  the  OFC  unnecessary  expensi¬ 
ve.  The  application  of  SAP's  from  suspensi¬ 
on  is  also  cumbersome  since  the  SAP  forms 
high  viscosity  solutions .  The  low  SAP  con¬ 
centrations  which  are  needed  to  keep  the 
viscosity  acceptable  results  in  the  use  of 
an  appreciable  amount  of  solvent  which  has 
to  be  removed  in  the  drying  process  step. 


Our  approach 


In  this  work  we  present  a  new  approach 
to  solve  the  mechanical-load  as  well  as  the 
water-sensitivity  problem.  Twaron**  aramid 
fibers  are  finished  in  the  final  production 
process  step  with  a  water-in-oil  emulsion 
containing  super-absorbing-polymers  (SAP). 
This  finish  is  evenly  distributed  along  the 
aramid  fiber  leading  to  a  homogeneous  coa¬ 
ting  of  the  fiber  with  the  SAP.  Thus  trea¬ 
ted  aramid  fibers  can  be  applied  in  the  OFC 
design  as  linear  strength  members.  A  tight- 
buffered  OFC  design  in  which  the  SAP  con¬ 
taining  aramid  fibers  are  stranded  around 
the  cable  core  including  the  optical  fi¬ 
bers,  results  in  excellent  water  shielding 
of  the  optical  fibers.  Due  to  the  integra¬ 
tion  of  the  application  of  the  SAP  in  the 
fiber  production  process  as  well  as  the 
reduction  of  SAP  containing  fibers  in  the 
OFC  due  to  the  homogeneous  distribution  of 
the  SAP  along  the  aramid  fibers,  a  cost- 
effective  solution  to  the  mechanical-load 
as  well  as  the  water-sensitivity  problem  of 
the  optical  fibers  in  an  OFC  has  been  deve¬ 
loped  . 


How  to  evaluate  the  water-blockinc 
properties 


The  experiments  described  in  this  work 
are  performed  using  Akzo's  aramid  fiber 
Twaron**.  The  intermediate  modulus  type  as 
well  as  the  high  modulus  type  are  included. 


Two  tests  are  used  in  order  to  evalua¬ 
te  the  water-absorbing  properties  of  the 
aramid  fibers  :  the  swelling  test  and  the 
longitudinal  water-tightness  test. 

The  swelling  test  measures  the  amount 
of  water  which  is  physically  adsorbed  on 
the  fiber.  A  small  amount  of  fibers  (  10 
gr. )  is  submerged  in  demineralized  water 
(20‘’C,  1  min.).  The  fibers  are  subsequently 
filtered  and  spin-dried  (2800  rpm,  rotor 
diameter  24  cm) .  The  weight  of  the  fibers 
is  determined  directly  after  spin  drying. 


The  physically  adsorbed  water  is  removed  in 
a  hot  air  oven  (105®C)  and  the  fibers  are 
weighed  again.  The  weight  loss  (%)  is  cal¬ 
culated  relative  to  the  hot-air  dried  fi¬ 
bers.  The  weight  loss  is  called  the  swel¬ 
ling  value. 


Fig .  1 .  A  sample  tube  containing  a  bundle 
aramid  fibers  ready  for  use  in 
the  water-tightness  test. 
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Since  the  desired  property  of  the 
aramid  fibers  is  longitudinal  water-bloc¬ 
king,  a  special  test,  measuring  longitudi¬ 
nal  water-tightness ,  was  developed.  It 
consists  of  a  small  test  tube  (length  5  cm, 
PVC)  mounted  beneath  a  water  column  (1 
meter) .  The  inner  diameter  of  the  PVC  test 
tube  is  5  mm  and  contains  aramid  fibers 
with  total  linear  density  of  16.8  g/m.  The 
characteristic  water-blocking  time 
(through-flow  time)  is  measured  starting 
from  application  of  the  water  column  on  the 
test  tube  to  appearance  of  the  first  water 
droplets  at  the  air  exposed  end  of  the  test 
tube.  The  test  tube  filled  with  aramid 
fibers  is  shown  in  fig.  1.  The  set-up  con¬ 
sisting  of  water  column  and  test  tube  is 
illustrated  in  fig.  2. 


Development  results 
Hvdrofobic  aramid  fibers 

The  first  experiments  in  attempting  to 
create  a  water  repelling/blocking  aramid 
fiber  concerned  the  application  of  hydro- 
fobic  finishes  on  the  fibers.  Finishes 
consisting  of  waxes,  polydimethylsiloxanes, 
polybutenes  or  f luoro-carbon  compounds  were 
evaluated.  The  water  repellency  of  fibers 
can  be  demonstrated  by  placing  water  drop¬ 
lets  on  a  spool.  High  water  repellency  is 
recognised  by  the  fact  that  the  water  drop¬ 
lets  do  not  penetrate  the  fiber  package  on 
the  spool  but  can  be  shaken  off.  Fibers 
finished  with  polybutene  and  in  particular 
f luoro-carbon  compounds  showed  high  water 
repellency  according  to  this  test.  The 
expected  water  blocking  properties  of  these 
water  repelling  fibers  were  however  disap¬ 
pointing.  The  characteristic  result  of  the 
water-tightness  test  of  water  repelling 
fibers  amounts  to  1.5  min.  compared  to  0.8 
min.  for  the  unfinished  fiber.  The  through- 
flow  time  is  only  slightly  larger  compared 
to  the  unfinished  fibers.  In  addition  to 
the  marginally  improved  water-tightness  it 
was  observed  that  the  hydrofobic  fibers 
presented  processing  problems  due  to  depo¬ 
sit  formation  on  yarn  guides  resulting  in 
filament  breakage  and  loss  of  strength. 
Therefore  a  different  approach  to  water 
blocking  aramid  fibers  was  attempted.  It 
must  be  stated  that  hydrofobic  aramid  fiber 
show  good  anti-ballistic  properties  by 
strongly  increased  bullet  penetration  re¬ 
sistance  demonstrating  serendipity  within 
research . 

Hvdrofillic  aramid  fibers 

The  use  of  super-absorbing  polymers 
(SAP)  in  OFC's  shows  high  potential.  By 
impregnating  the  aramid  fibers,  which  are 
inserted  in  the  OFC,  with  SAP's  paradoxi¬ 
cally  a  hydrofillic  fiber  is  obtained.  We 
use  SAP's  in  order  to  make  hydrofillic 


water-blocking  aramid  fibers  but  are  able 
to  circumvent  the  problems  stated  above 
(see  Introduction)  by  application  of  the 
SAP  on  the  fiber  from  water-in-oil  emulsi¬ 
ons.  Suitable  monomers  are  dissolved  in 
water.  After  addition  of  a  non-polar  sol¬ 
vent  and  emulsifier  a  water-in-oil  emulsion 
is  created  containing  the  monomers  in  the 
water  phase.  Polymerization  then  takes 
place  in  the  water  phase.  The  result  is  an 
emulsion  containing  high  concentration  SAP 
but  with  still  relatively  low  viscosity. 
The  viscosity  of  the  emulsion  can  be  opti¬ 
mized  for  the  preferred  application  tech¬ 
nique  (kiss-roll)  by  diluting  with  a  non¬ 
polar  solvent. 

Several  SAP  emulsions  have  been  tested 
on  their  suitability  for  water-blocking 
applications  i.e.  poly(potassium)acrylate 
(compound  A),  ( sodium jacrylate/acrylamid 
copolymer  (B),  terpolymer  of  acrylamid, 
carboxylate  and  sulphate  groups  containing 
monomers  (C),  polyacrylamid  copolymers  (D, 
E).  All  SAP  emulsions  are  commercially 
obtained . 

Proof  of  principle.  The  proof  of  prin¬ 
ciple  is  demonstrated  in  table  1 .  The  emul¬ 
sions  A,  B  and  C  contain  approximately  30% 
SAP.  The  viscosity  amounted  to  200-800 
mm^/s  (25°C).  After  application  on  the  fi¬ 
ber  and  drying,  finished  fibers  were  obtai¬ 
ned  with  0.5%  -  2.0%  SAP.  Compound  C  clear¬ 
ly  demonstrates  a  time  dependence  in  the 
water-tightness  test  on  the  amount  of  SAP. 
The  swelling  and  through-flow  value  of  the 
unfinished  fiber  are  included.  All  SAP 
finished  fibers  clearly  show  a  tremendous 
increase  in  through- flow  time  compared  to 
the  unfinished  fiber.  The  swelling  value  of 
C-finished  fibers  is  correspondingly  incre¬ 
ased  compared  to  the  unfinished  fiber. 

Production  considerations.  In  order  to 
lower  the  viscosity  and  increase  the  stabi¬ 
lity  of  emulsions  parafinnic  hydrocarbons 
and  substituted  sorbitantrioleates  were 
added.  Emulsion  compositions  containing 
4%  -  11%  SAP  and  approx.  5%  stabilizer  have 
been  applied  using  a  kiss-roll .  No  reducti¬ 
on  in  through-flow  time  is  observed.  The 
addition  of  10%  stabilizer  in  the  emulsion 
composition  resulted  in  4X  -  lOX  increase 
in  time  span  before  solid  material  could  be 
observed  in  the  unstirred  emulsions  showing 
the  beneficial  effect  of  a  stabilizer  in  a 
SAP  emulsion  for  a  production  environment. 


Mechanical  properties.  Static  charging 
of  the  fibers  can  lead  to  reduction  of  the 
tensile  strength  due  to  damage  of  isolated 
filaments.  The  stabilizers  used  appeared  to 
have  an  anti-static  effect  as  well.  Compo¬ 
sitions  without  stabilizer  show  a  10%  -  15% 
reduction  in  tensile  strength.  Inclusion  of 
a  stabilizer  (approx.  10%)  leads  to  a  ten¬ 
sile  strength  equal  to  the  unfinished  fi- 
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ber.  In  addition  the  modulus  remained  at 
the  level  of  the  unfinished  fiber. 

Moisture  sensitivity.  Special  attenti¬ 
on  has  been  given  to  the  moisture  sensiti¬ 
vity  of  the  SAP-finished  fibers.  Emulsions 
of  compounds  C,  D  and  E  (25%  -  30%  SAP) 
were  applied  on  the  fiber  (1.5%  SAP,  0.8% 
stabilizer).  The  fibers  were  analyzed  on 
moisture  content  directly  after  production 
resulting  in  1.5%  -  2.5%  moisture.  The 
moisture  content  was  determined  again  after 
4  weeks  conditioning  (20°C,  65%  rel.  humi¬ 
dity)  .  The  moisture  content  of  the  SAP- 
finished  fibers  appeared  to  be  equal  to  the 
unfinished  fiber  ;  3.0%  -  3.5%.  It  is  con¬ 
cluded  that  the  SAP-finished  fibers  are  not 
hygroscopic . 

Comparison  with  suspension  applicati¬ 
on.  A  general  comparison  of  the  water-in¬ 
oil  SAP  emulsion  method  with  the  suspension 
method  is  made  by  using  the  method  descri¬ 
bed  in  patent  application  EP-A  0351100. 
This  patent  descibes  the  application  of  a 
SAP  an  aramid  fiber  from  suspension.  In  our 
laboratory  suspension  finished  fibers  con¬ 
taining  0.6%,  0.9%  and  1.3%  SAP  were  prepa¬ 
red  by  this  suspension  method  and  analyzed. 
The  swelling  values  range  between  40  and 
50.  The  observed  through-flow  times  are  7 
min.,  15  min.  and  15  hours  respectively. 
Although  this  constitutes  an  increased 
water-blocking  capability  it  is  concluded 
that  our  water-in-oil  emulsion  method  leads 
to  a  superior  water-blocking  capability  of 
the  SAP-finished  aramid  fibers.  The  water¬ 
tightness  test  has  been  performed  upto  17 
days  on  s^unples  finished  with  diluted, 
stabilized  water-in-oil  SAP  emulsions  wit¬ 
hout  sample  failure. 


Flo.  3.  Electron  microscopy  photo  of 

unfinished  high  modulus  aramid 
fiber. 


Table  1.  Swelling  test  and  water-tigntness 
test  results  of  high  modulus 
aramid  fiber  finished  with  super¬ 
absorbing  polymers  as  well  as 
unfinished  fiber. 

SAP  %  finish  through-flow 
time 


swelling 

value 


A 

0.5 

>4 

days 

B 

0.5 

>4 

days 

C 

0.5 

18 

hours 

C 

1.0 

>4 

days 

C 

2.0 

>4 

days 

- 

- 

<1 

min. 

183 

295 

19 


The  mechanism  by  which  the  SAP  appli¬ 
cation  from  water-in-oil  emulsion  leads  to 
better  water-tightness  results  compared  to 
application  from  suspension  has  been  partly 
solved.  It  is  assumed  that  the  distribution 
of  the  SAP  along  the  aramid  fibers  is  a  key 
factor.  The  electron  microscopy  pictures  of 
unfinished  and  SAP-finished  (from  water-in¬ 
oil  emulsion)  fibers  are  shown  in  fig.  3 
and  fig.  4.  It  is  clearly  visible  that  the 
SAP-finished  fiber  contains  a  homogenous 
coating  of  water-blocking  SAP.  A  less  homo¬ 
geneous  distribution  of  the  SAP  along  the 
fiber  might  easily  lead  to  a  decreased 
water-blocking  capability. 


Fig.  4.  Electron  microscopy  photo  of  SAP- 
finished  high  modulus  aramid 
fiber. 


296  International  Wire  &  Cable  Symposium  Proceedings  1992 


Temperature  effects  in  further  proces¬ 
sing  .  The  SAP  finished  aramid  fibers  can  be 
applied  in  the  OFC  by  means  of  a  stranding 
apparatus.  The  aramid  fibers  are  wound 
around  the  optical  fiber  containing  core. 
Subsequently  a  shield  is  extruded  around 
the  cable.  In  this  process  the  SAP-finished 
aramid  fibers  are  exposed  to  elevated  tem¬ 
peratures.  The  through-flow  times  of  SAP- 
finished  fibers  (from  water-in-oil  emulsi¬ 
ons)  after  several  heat-treatments  have 
been  evaluated.  The  following  heat-treat¬ 
ments  have  been  given:  1  min./200°C,  5 
min./200°C,  1  week/60°C  amd  1  day/-25°C. 
The  water-tightness  test  has  been  performed 
at  room  temperature.  No  loss  in  through- 
flow  time  is  observed,  therefore  it  is 
concluded  that  the  water-blocking  capabili¬ 
ty  is  not  affected  by  the  heat  treatments. 
In  addition  the  through-flow  time  has  been 
measured  at  60°C  after  a  heat  treatment  of 
1  week/60°C.  The  experimental  set-up  is 
shown  in  fig. 5.  The  water-tightness  test  is 
placed  inside  a  hot-air  oven .  Again  the 
SAP-finished  aramid  fibers  show  no  reducti¬ 
on  in  through-flow  time  at  this  elevated 
temperature . 

Presently  patent  applications  have 
been  filed  covering  the  constitution  of  the 
SAP  finishes,  the  application  method  by 
water-in-oil  emulsions,  the  implementation 
in  the  production  process  and  the  applica¬ 
tion  of  the  SAP-finished  aramid  fibers  in 
an  OPC  (EP-A  0482703). 


Conclusions 

1.  Excellent  water-blocking  capabilities 
of  Twaron'*  aramid  fibers  are  obtained  after 
application  of  a  finish  consisting  of  su¬ 
per-absorbing  polymers  (SAP) . 

2.  The  SAP  finish  has  no  adverse  effect 
on  the  mechanical  properties  of  the  aramid 
fibers . 

3.  The  SAP-finished  aramid  fibers  have 
good  processing  properties. 

4.  SAP-finished  production  fibers  have 
been  shipped  to  several  leading  manufactu¬ 
rers.  Construction  of  OFC's  containing 
these  fibers  has  already  successfully  been 
demonstrated . 


Fig-  S.  The  water-tightness  test  set-up 
at  elevated  temperatures. 
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EVALUATION  OF  ANTIOXIDANT  UNIFORMITY  IN 
POLYETHYLENE  INSULATIONS 
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E.D.  Nelson  -  AT&T  Bell  Laboratories,  GA 
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Abstract 

Polyethylene  insulations  contain  stabilizers  to  control 
oxidation  which  occurs  in  the  various  phases  of  the 
conversion  process  from  the  base  resins  to  the  compounds, 
to  the  single  wires,  to  the  cables,  and  in  end-use 
applications.  In  addition  to  using  the  right  types  and 
having  a  proper  level,  a  uniform  distribution  of  the 
stabilizers  within  the  polyethylene  insulations  is  critical  to 
achieve  a  good  long  term  performance  of  the  wire 
insulations. 

To  study  the  effect  of  antioxidant  uniformity  on  the 
performance  of  the  cables,  samples  with  various  degrees  of 
mixing  in  solid,  and  cellular  polyethylene  insulations  were 
produced,  and  made  into  wires.  The  antioxidant  uniformity 
within  the  compounds  and  along  the  wires  was 
characterized  by  oxidative  induction  time.  HPLC  data  on 
the  compounds  were  also  collected.  It  was  found  that  with 
the  current  compounding  practices  and  technology,  good 
uniformity  of  antioxidants  exists  as  determined  by 
oxidative  induction  time.  The  achieved  level  of  mixing  of 
the  stabilizers  within  the  polyethylene  insulations  is 
sufficient  to  prevent  any  localized  oxidation.  The  evidence 
suggests  that  failures  observed  on  wire  insulations  are 
caused  by  mechanisms  other  than  antioxidant  uniformity. 


Introduction 

Polyethylene  was  introduced  in  the  50's  for  telephone  wire 
insulation,  and  has  remained  the  material  of  choice  for  this 
application.  Low  density  polyethylene  (LDPE)  was 
initially  used  and  provided  electrical  and  mechanical 
properties  suitable  for  most  cable  construction.  In  the  70's, 
medium  and  high  density  polyethylene  (MDPE  and 
HDPE),  which  have  better  resistance  to  petroleum  base 
cable  ^lers  and  improved  mechanical  properties  displaced 
LDPE  and  allowed  for  changes  in  cable  designs.  HDPE  is 
mainly  used  in  North  America  and  Latin  America,  while 
MDPE  is  preferred  in  Europe,  England  and  the  Far  East. 

As  with  other  plastic  materials,  polyethylene  compounds 
are  susceptible  to  oxidation.  ^  The  oxidation  reactions  can 
occur  in  the  various  phases  of  the  conversion  process; 
production  of  the  compounds,  manufacturing  of  the  single 


wires,  cabling,  and  in  end  use  applications.  To  control 
oxidation  and  provide  the  desired  protection,  stabilizers 
are  incorporated  into  the  compounds.  In  addition  to  an 
adequate  stabilizer  level,  a  uniform  distribution  of  the 
antioxidants  within  the  insulation  compounds  is  critical  to 
achieve  consistent  performance  along  the  wire.  This  is 
particularly  important  with  difficult  to  disperse  additives, 
especially  those  that  are  relatively  insoluble  in 
polyethylene.  The  study  focused  on  characterization  by 
oxidation  induction  time  of  the  antioxidant  distribution  in 
polyethylene  pellets  and  along  wires  made  from  the  pellets. 

The  stabilization  package  for  the  HDPE  insulation 
compounds  has  evolved  over  the  years  to  include  a  primary 
antioxidant  with  a  metal  deactivator.  The  current 
antioxidant  package  generally  used  in  the  US  consists  of  a 
phenolic  antioxidant,  Irganox  1010  (AO)  and  a 
combination  antioxidant/metal  deactivator,  Irganox  1024 
(MD).2  Much  work  has  been  done  to  define  the 
mechanisms  leading  to  failure  of  the  insulation  in  pedestal 
environment.^>‘*>^>^  Nevertheless,  questions  on  how  well 
the  antioxidants  are  distributed  along  the  wire  have  until 
now  not  been  clearly  addressed. 

Sample  Preparation 

The  tested  solid  and  cellular  HDPE  insulation  samples 
were  formulated  with  the  antioxidant  (AO)  and  the  metal 
deactivator  (MD),  and  with  a  blowing  agent  for  the  cellular 
compound.  They  were  prepared  in  a  pilot  plant  scale 
compounding  line  equipped  with  a  30  lb  batch  mixer 
discharging  into  an  extruder  for  pelletization.  The  batch, 
discharged  into  the  extruder  prior  to  pelletizing,  is  called 
the  "pig".  Pellet  samples  were  collected  at  the  exit  of  the 
pelletizer/dryer.  The  experiment  was  designed  with  two 
levels  of  mixing  of  the  stabilizers  for  both  the  solid  and 
cellular  insulation  compounds:  High  Intensity  Mixing  and 
Low  Intensity  Mixing. 

The  level  of  mixing  was  controlled  by  the  sequence  and 
time  of  addition  of  the  antioxidants  into  the  batch  mixer. 
The  mixing  cycle  time  was  kept  constant  for  the  solid  and 
cellular  insulation  compounds,  and  was  controlled  by  the 
discharge  melt  temperature  out  of  the  batch  mixer.  For 
instance  in  High  Intensity  Mixing,  all  ingredients  were 
added  at  the  beginning  of  the  cycle  while  in  Low  Intensity 
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Mixing,  the  antioxidants  saw  only  a  portion  of  the  total 
mixing  cycle  time.  A  small  "pig"  sample  was  also 
collected  at  the  feed  throat  of  the  extruder  after  the 
discharge  of  the  batch  out  of  the  mixer.  The  objective  was 
to  determine  if  any  reduction  in  the  level  of  antioxidants 
occurred  through  the  pelletizing  process.  Moreover,  the 
solid  and  cellular  samples  were  converted  into  26  gauge 
solid  and  foam  skin  wires  to  evaluate  the  antioxidant 
uniformity  along  them  and  the  effects  of  this  coating 
process  on  the  final  level  of  stabilizer. 

Testing 

Since  isothermal  analyses  have  been  extensively  used  to 
study  oxidation  stability  of  plastic  materials,  the  oxidation 
induction  time  technique  (OIT)  was  selected  to  characterize 
the  distribution  of  antioxidants  in  the  samples.^  OIT  also 
provides  a  quick  way  to  check  the  quality  of  the 
stabilization  package  in  the  insulation  compounds.  In  the 
study,  the  OIT  test  was  run  according  to  the  procedure 
spelled  out  in  ASTM  D  4565. 

-  Use  a  Dupont  analyzer  and  a  5  to  7  mg  sample  in  an 
aluminum  pan. 

-  Switch  to  oxygen  immediately  upon  reaching  the  selected 
isothermal  temperature  (200°C  in  the  majority  of  the 
tests),  and  maintain  a  flow  of  oxygen  of  200  mL/min. 

OIT  values  were  determined  for  the  "pig",  pellets  and  wire 
insulation  samples.  The  OIT  values  were  measured  as  the 
time  from  start  of  the  isothermal  phase  to  the  beginning  of 
the  exothermal  decomposition.  Figure  1.  Duplicate 
samples  were  submitted  to  five  labs  for  testing. 
Preparation  of  pellet  samples  was  standardized  to  assure 
that  the  center  portion  of  pellets  was  tested;  outer  surfaces 
were  shaved  and  discarded.  One  of  the  involved  labs 
performed  a  comparison  of  pellet  testing  methods  by 
collecting  OIT  data  from  pressed  and  shaved  samples  at 
200  and  at  220'’C.  The  pressed  samples  were  punched  out 
from  10  mil  films  compression  molded  at  150°C.  Wire 
insulation  was  sampled  at  one  foot  intervals  and  tested  with 
and  without  the  conductor.  Antioxidant  level  in  "pig"  and 
pellet  samples  was  also  measured  in  two  labs  by  HPLC, 
according  to  the  method  of  Fech  and  Dewitt.’ 


Results 

Antioxidant  Levels  -  For  this  study,  the  measured 
antioxidant  levels  in  the  solid  and  cellular  compounds  by 
HPLC  were  generally  lower  than  the  targeted  values  by 
weight  check  but  they  fell  within  acceptable  limits 
considering  the  sensitivity  of  the  HPLC  method  to  the 
sample  extraction  method.  Table  1  gives  the  HPLC  results 
expressed  a.‘  %  of  weight  added.  Within  the  scattering  of 
the  data,  they  did  not  appear  to  be  affected  by  the  level  of 
mixing  in  the  compounds.  Moreover,  the  pellet  samples 
contained  about  the  same  level  of  antioxidants  as  the  "pig" 
samples  indicating  that  little  or  no  consumption  of 
antioxidants  took  place  in  the  pelletizing  extruder.  This 
conclusion  was  further  supported  by  the  OIT 
measurements. 


OIT  Of  Pellet  Samples  -  Tables  2  and  3  list  the  OIT 
data  from  the  five  labs  on  the  solid  and  foam  compounds 
respectively.  Figures  2  and  3  show  these  data  graphically 
for  the  solid  and  cellular  pellets.  Within  a  given  set  of 
data,  the  standard  deviation  was  less  than  10%.  For  a  given 
lab,  there  were  no  significant  differences  in  OIT  values  on 
the  pellet  between  the  High  Intensity  Mixing  and  Low 
Intensity  Mixing.  OIT  values  on  the  "pig"  and  pellets  also 
fell  within  the  same  range,  particularly  when  the  measured 
levels  of  antioxidants  were  comparable.  In  the  round  robin 
tests,  variations  in  average  OIT  among  the  five  labs 
involved  were  noticeable.  For  the  solid  samples,  the 
average  OIT  ranged  from  165  to  208  minutes,  while  on  the 
cellular  samples  they  ranged  from  179  to  220  minutes.  No 
attempt  was  made  to  reconcile  the  differences  in  OIT  since 
there  has  been  an  industry  working  group  addressing  this 
concern,  looking  into  a  proposed  test  method  to  reduce  lab 
to  lab  variability. 

OIT  Of  Shaved  Pellets  vs.  Molded  Samples  -  The 
data  shown  in  Tables  4  and  5  are  for  the  solid  and  cellular 
insulation  compounds  respectively.  Within  each  set  of  five 
values,  the  OIT  of  molded  samples  gave  lower  variations 
than  those  from  the  shaved  pellets.  More  data  would  be 
required  to  confirm  the  advantages  of  molded  samples  over 
shaving  from  pellet  in  OIT  testing.  The  ASTM  procedure 
D  4565  recommends  cold  compression  of  the  insulation 
compounds  into  thin  film  before  punching  out  the  sample. 
This  does  not  appear  to  be  practical  nor  necessary  for  tests 
in  aluminum  pan. 

OIT  At  Hieh  Temperatures  -  OIT  measurements  at 
220°C  were  also  performed  in  Lab  1.  The  samples  with 
High  Intensity  Mixing  showed  a  5  to  10%  higher  OIT  than 
those  with  L^w  Intensity  Mixing  in  both  the  solid  and 
cellular  insulation  compounds.  Table  6  and  7.  This 
increase  however,  came  from  a  very  low  25  to  30  minutes 
OIT.  It  made  the  absolute  difference  rather  small,  and  stay 
within  the  experimental  error,  of  the  order  of  3  to  5 
minutes.  On  the  other  hand  the  OIT  at  200°C  ran  almost 
10  times  longer.  With  OFT  data  generated  at  a  number  of 
selected  temperatures,  an  Arrhenius  plot  of  the  logarithm  of 
OIT  as  a  function  of  the  reciprocal  absolute  temperature 
could  be  made.  Within  a  limited  range  of  temperatures  the 
resulting  plot  is  normally  linear.  This  allows  extrapolation 
of  OIT  to  a  number  of  temperatures.  The  error  is  usually 
small  unless  a  different  degradation  mechanism  occurs 
during  the  test  in  which  case  there  is  a  change  in  the  slope 
of  the  line.  This  approach  is  not  appropriate  to  extrapolate 
to  use  temperatures  which  are  at  solid  phase  temperatures. 

OIT  Along  Solid  And  Foam  Skin  Wire  -  OIT  data 
were  collected  on  the  wire  insulation  at  one  foot  intervals. 
On  the  solid  wire  with  the  conductor  out  or  conductor  in 
(Table  8,  Figure  4),  the  OIT  values  fell  within  the  same 
range  of  those  of  pellets  (see  Table  2)  of  about  200 
minutes.  They  were  also  quite  close  to  one  another  within 
each  set  of  data.  The  results  concurred  with  a  previous 
study  linking  the  small  reduction  in  the  level  of  the 
antioxidants  to  the  lower  ratio  of  copper  to  polyethylene  in 
the  solid  than  in  the  foam  insulation.^  In  addition,  the  OIT 
from  the  Low  Intensity  Mixing  was  comparable  to  the  OIT 
from  the  High  Intensity  Mixing. 
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On  the  foam  skin  wire  with  conductor  out  (Table  9,  Figure 
5),  the  OIT  values  on  the  wire  were  about  15%  lower  than 
those  of  the  pellets  (See  Table  3).  This  has  been  brought 
about  by  a  depletion  during  processing  in  the  level  of 
antioxidants  resulting  from  chemical  reactions  among  the 
additives  in  the  compound.  In  contrast  with  conductor  in, 
the  OIT  dropped  to  one  fourth  of  those  of  the  pellet.  The 
mechanisms  leading  to  the  lower  OIT  values  on  foam  skin 
wire  with  conductor  in  have  been  the  object  of  many 
investigations.'*-*  The  proposed  mechanism  involves  the 
interaction  of  the  MD  and  the  blowing  agent  in  the 
presence  of  copper  which  reduces  the  level  and 
effectiveness  of  this  antioxidant. 

On  both  the  solid  and  the  foam  skin  wires,  no  significant 
differences  were  observed  between  the  OIT  from  the  High 
Intensity  and  Low  Intensity  Mixing.  It  appears  that  with 
the  developed  compounding  technology  used  in  this  study 
and  in  our  manufacturing  process,  the  mixing  intensity 
achieved  in  the  mixer  and  pelletizing  extruder  was  more 
than  adequate  to  provide  a  uniform  distribution  of 
antioxidants  in  the  produced  compounds  and  along  the 
wires. 

Conclusions 

OIT  data  on  the  solid  and  cellular  compounds,  and  on  the 
solid  and  foam  skin  wires  at  High  Intensity  and  Low 
Intensity  Mixing  show  that  with  the  developed 
compounding  technology,  good  uniformity  of  antioxidants 
is  achieved  in  the  pellets  and  along  the  wires.  The  results 
suggest  that  failures  observed  on  telecommunication  cables 
are  caused  by  factors  other  than  antioxidant  uniformity  in 
polyethylene  insulation.  The  small  variations  in  OIT 
values  within  each  set  of  data  also  appeared  to  validate  the 
suitability  of  OIT  testing  as  a  quality  control  tool  for  a 
quick  check  on  the  level  of  stabilizers  in  polyethylene 
insulation  compounds  when  calibrated  for  a  given 
stabilization  package  in  a  particular  compound.  The 
differences  in  OIT  among  the  various  labs  confum  that 
more  work  needs  to  be  done  in  standardizing  the  test 
equipment  and  procedure.  This  will  be  particularly  critical 
if  Orr  values  are  included  in  the  product  and  cable 
specifications. 
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TABLE  1:  ANTiOXIDANT  LEVEL*  BY  HPLC  IN  SOLID  AND  CELLULAR 
HDPE  COMPOUNDS  IN  PERCENT  OF  WEIGHT  ADDED 

1.1;  SOLID  INSULATION 

AO  MD 


SAMPLES  CONDITIONS 

LABI 

lab  2 

LAB  i 

LAB  2 

LOW  MIXING  "PIG" 

88 

86 

89 

84 

LOW  MIXING  PELLET 

86 

84 

87 

84 

HIGH  MIXING  “PIG" 

92 

90 

89 

97 

HIGH  MIXING  PELLET 

100 

89 

103 

84 

1.2;  FOAM  INSULATION 

AO 

MD 

SAMPLES  CONDITIONS 

LAB  1 

LAB  2 

I.AB  1 

LAB  2 

LOW  MIXING  “PIG" 

76 

82 

81 

97 

LOW  MIXING  PELLET 

79 

92 

81 

94 

HIGH  MIXING  "PIG" 

86 

88 

92 

100 

HIGH  MIXING  PELLET 

88 

86 

94 

86 

*  Duplicate  Analysis 


TABLE  2;  SOLID  INSULATION  -  OXIDATION  INOL’CTION  TIME 
(MINUTES)  OF  SHAVED  PELLETS 
ISOTHERMAL  TEMPERATURE  s  200-C 


LOW 

HIGH 

LOW 

HIGH 

MIXING  “PIG" 

MIXING  ’PIG’ 

MIXING  PELLET 

MUINO  PELLET 

LAB  1 

208 

207 

186 

180 

201 

202 

194 

184 

2P 

200 

J97 

209 

186 

209 

200 

169 

168 

202 

20S 

190 

MEAN 

196 

204 

197 

186 

SD- 

19.3 

3.7 

7.2 

14.8 

LAB2 

179 

191 

181 

I8S 

188 

194 

171 

187 

187 

178 

186 

190 

191 

191 

183 

182 

192 

167 

193 

MEAN 

186 

189 

178 

187 

SD 

S.l 

6.4 

8.2 

4.3 

LAB3 

219 

20S 

169 

203 

208 

204 

194 

196 

204 

203 

20S 

203 

202 

210 

200 

213 

207 

220 

197 

19S 

MEAN 

208 

208 

193 

202 

SD 

6.6 

7.0 

14.0 

7.2 

LAB4 

I8I 

180 

174 

188 

183 

183 

189 

196 

181 

193 

180 

19S 

190 

170 

179 

176 

213 

167 

MEAN 

lit 

184 

Its 

185 

SD 

0.6 

7.1 

17.1 

111 

LABS 

178 

184 

164 

161 

171 

110 

169 

168 

MEAN 

178 

112 

167 

16S 

SD 

0.3 

2.1 

3.7 

5J 

*  Sooted  DevtMioa 


TABLE  3  FOAM  INSULATION  ••  OXIDATION  INDI  CTION  TISll 
(MIN-UTES)  OF  SHAVED  PELLETS 
ISOTHERMAL  TEMPERATURE  =  200  C 


LOW 

HIGH 

LOU 

HIGH 

MIXING  ‘PIC’ 

MIXING  -plG" 

MIXING  PELLET 

MIXING  PELLET 

LAB  1 

195 

192 

229 

227 

218 

203 

209 

220 

197 

207 

219 

219 

229 

228 

240 

227 

211 

240 

240 

232 

184 

200 

235 

MEAN 

210 

209 

224 

225 

SD" 

14.3 

21.2 

16.0 

54 

LAB  2 

20S 

214 

193 

212 

187 

206 

200 

204 

194 

204 

196 

205 

191 

210 

215 

208 

186 

196 

209 

207 

MEAN 

193 

206 

203 

207 

SD 

7.6 

6.8 

9.2 

3.1 

LAB  3 

206 

235 

235 

233 

208 

223 

229 

222 

194 

213 

202 

239 

182 

214 

217 

207 

2)9 

218 

220 

196 

MEAN 

202 

221 

221 

219 

SO 

14.2 

9.0 

12.6 

17.9 

LAB4 

188 

197 

189 

194 

202 

197 

208 

226 

218 

204 

212 

206 

189 

208 

207 

217 

195 

212 

206 

221 

190 

212 

216 

203 

MEAN 

198 

205 

204 

213 

SD 

10.8 

6.9 

8.9 

11.6 

LABS 

181 

185 

17? 

186 

183 

188 

181 

183 

MEAN 

182 

187 

179 

184 

SD 

1.8 

2.3 

17 

2.0 

*  SuDted  Devutk» 


TABLE  4;  SOLID  INSULATION  -  OXIDATION  INDUCTION  TIME 
(MINUTES)  OF  SHAVED  PELLET  VS  PRESSING 

ISOTHERMAL  -reMPERATURE  *  200"C 


LOW  MIXING  “PIG"  • 

208 

201 

217 

186 

168 

•• 

201 

195 

181 

198 

193 

HIGH  MIXING  "PIG"  • 

207 

202 

200 

209 

202 

*• 

199 

179 

199 

194 

202 

LOW  MIXING  PELLET  • 

186 

194 

197 

200 

205 

•• 

193 

J98 

195 

201 

201 

HIGH  MIXING  PELLET  • 

180 

184 

209 

169 

190 

•• 

183 

190 

208 

194 

208 

TABLE  5:  FOAM  INSULATION  -  OXIDATION  INDUCTION  TIME 
(MINUTES)  OF  SHAVED  PELLET  VS  PRESSING 


LOW  MIXING  "PIG“  • 

195 

218 

197 

229 

211 

•• 

199 

214 

217 

220 

HK3H  MIXING ’PIG'  • 

192 

203 

207 

228 

>240 

* 

184 

•• 

222 

216 

222 

222 

225 

LOW  MIXING  PELLET  • 

229 

209 

215 

>240 

>240 

• 

200 

235 

«• 

211 

207 

224 

234 

209 

HIGH  MIXING  PELLET  • 

227 

220 

219 

227 

232 

«• 

210 

211 

214 

202 

228 

♦  FROM  SHAVED  FIX!  FTS 
•*  FROM  PRESSING 


International  Wire  &  Cable  Symposium  Proceedings  1 992  301 


TABLE  6:  SOLID  INSULATION  -  OXIDATION  INDUCTION  1  IMi 
(MINUTES)  AT  ISOTHERMAL  TEMPERATURE  OF  22()T 


LOW  MIXING  "PIG" 

28 

28 

28 

HIGH  MIXING  "PIG" 

29 

31 

33 

LOW  MDCING  PELLET 

27 

27 

27 

HIGH  MDGNG  PELLET 

29 

29 

30 

TABLE  T  FOAM  INSULATION  -  OXIDATION  INDUCTION  TIME 
(MINUTES)  AT  ISOTHERMAL  TEMPERATURE  OF  220"C 


LOW  MDCING  "PIG" 

26 

29 

30 

HIGH  MDCING  "PIG" 

30 

28 

30 

LOW  MDCING  PELLET 

29 

26 

30 

HIGH  MDCING  PELLET 

33 

33 

33 

OXIDATION  INDUCTION  TIME 


Time  (minj 

FIGURE  I 


TABLE  9-  OXIDATION  INDUCTION  TIME  cMIMTES- 

along  foam/skin  insulation  WIRt 


2S0 


HIGH 

MIXING 


CWD. 

CXM). 

COND 

OUT 

IN 

197 

53 

172 

57 

200 

55 

197 

52 

200 

65 

205 

51 

192 

63 

202 

67 

201 

56 

203 

63 

MEAN  197 

56 

SO*  9.5 

5.7 

~  liimlMil  fTrrlMinii 


LOW 

HIGH 

LOW 

HIGH 

LOW 

MIXING 

Mixirw 

-.MIXING 

■  MIXING 

200 

p 

COND. 

COND 

COND. 

COND. 

COND. 

COND 

COND 

§ 

OUT 

IN 

OUT 

OUT 

OUT 

IN 

OUT 

IN 

1  ISO 

194 

49 

135 

164 

188 

53 

188 

5J 

#= 

It2 

52 

147 

166 

188 

57 

189 

3.5 

s 

Its 

53 

171 

168 

19: 

39 

190 

M 

1  100 

176 

54 

133 

160 

200 

60 

196 

ISI 

48 

179 

195 

220 

211 

.£ 

193 

51 

156 

174 

c 

194 

61 

177 

153 

a 

203 

54 

188 

186 

1  SO 

187 

45 

157 

163 

A 

182 

48 

159 

175 

\j 

178 

173 

185 

52 

165 

171 

198 

38 

193 

5J 

0 

14.1 

4.5 

13.5 

11.9 

134 

2.2 

9.6 

15 
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FIGURE  4 


1M> 


HIGH  INTENSITY  LOW  INTENSITY  HIGH  INTENSITY  LOW  INTENSITY 


OIT  ALONG  SOLID  INSULATED  WIRE 


FIGURE  5 


iiillll  ■•iiiiiiil 

iouaoRl  IcoNouaoRl 

IN  1  1  M  1 

OUT  ^ 

CMI  J 

V - 1 - 1 - 1 - 1 

HIGH  INTENSITY  LOWINTENSTTY  HIGH  INTEf^STTY  LOW  INTENSITY 

OIT  ALONG  FOAM-SKIN  WIRE 


Karen  D.  Dye  graduated  from  New  Mexico  Institute  of 
Mining  and  Technology  in  1982  with  a  B.S.  in  Chemistry. 
She  joined  AT&T  Network  Systems  (Phoenix  Works)  in 
1985,  where  she  is  an  Engineer  in  the  Materials 
Laboratory.  She  is  involved  in  analysis  of  raw  materials, 
final  product  evaluations,  and  development  work.  Her  area 
of  special  interest  is  analytical  methods  development. 


E.D.  Nelson  has  been  with  AT&T  Bell  Laboratories  for  25 
years.  He  is  currently  a  member  of  the  Chemistry  Group  in 
the  Materials  Engineering  Department.  He  received  a  B.S. 
degree  in  Chemistry  from  SL  Francis  College  and  a  M.S. 
degree  in  Engineering  Science  from  the  Newark  College  of 
Engineering.  His  interests  include  fire  and  smoke 
properties  as  well  as  oxidative  stability  of  polymeric 
materials. 


Yimsan  Gau  joined  Union  Carbide  in  1979  and  is  currently 
a  Senior  Development  Scientist  He  has  been  involved  in 
solids  handling,  polymer  processing  and  product 
development  A  native  of  Cambodia,  Yimsan  obtained  his 
undergraduate  degrees  from  the  French  Naval  Academy  in 
1969  and  the  U.S.  Naval  Post  Graduate  School  in  1975, 
and  his  Ph.D.  in  Mechanical  EngineeringfCoiTosion  in 
1979  from  the  University  of  California  at  Berkeley. 


International  Wire  &  Cable  Symposium  Proceedings  1992  303 


mVBSTIOATIOII  OF  FACTORS  AFFECTINO  LONG  TERM  HEAT  STABILITY  OF 
POLYOLEFIN  INSULATION  RESINS 

Kokaal  Tooyall 

Quantua  Chaaloal  Corporaton 
11530  Norttalaka  Drive,  MSN-43G2 
CinelBBati,  OB  45249 


ABSTRACT 

Cracking  of  polyolefin  telephone 
insulations  has  been  observed  in  the  field 
over  the  last  two  decades.  Depletion  of 
stabilizers  from  the  insulations  has  been 
identified  as  a  major  cause  for  these 
failures.  A  study  was  Initiated  in  our 
laboratories  to  elucidate  the  antioxidant 
extraction  mechanism  and  thereby  develop  an 
improved  additive  package.  Oxidative 
induction  time  (OIT)  measurements  and  high 
performance  liquid  chromatography  (HPLC) 
techniques  were  utilized  to  characterize 
the  stabilizer  level  in  polyethylene.  The 
stabilizer  depletion  mechanism  was  observed 
to  be  dependent  on  the  chemical  structure, 
the  thermal  stability  of  the  antioxidant 
system,  and  the  chemical  composition  of  the 
filling  compound.  The  stabilizer 
extraction  process  is  identified  to  include 
several  steps;  first,  initial 
plasticization  or  the  swelling  of  the 
insulation  resin  by  the  filling  compound, 
and  then  either  the  diffusion  of  the 
stabilizer  molecules  or  the  dissolution  of 
the  stabilizer  by  a  component  of  the 
filling  compound.  These  processes  result 
in  outward  migration  of  antioxidants  from 
the  insulation  into  the  filling  compound 
due  to  low  compatibility  of  stabilizers 
with  polyethylene  and  the  chemical 
potential  difference  between  the  insulation 
and  the  filling  compound.  A  new  stabilizer 
system  has  been  developed  to  reduce  the 
extraction  of  the  additives.  Furthermore, 
a  synergistic  effect  was  observed  when  the 
proposed  stabilizer  was  used  in  the 
presence  of  the  current  known  antioxidants 
for  polyolefin  telephone  insulation  resins. 


INTRODUCTION 

Foam-skin  high  density  polyethylene  (HOPE) 
insulations  have  been  found  to  be 
susceptible  to  thermal  oxidation  and 
cracking  [1-11].  Environmental  factors 
such  as  heat,  light,  oxygen  and  physical 
stress  are  known  to  accelerate  this 
deterioration.  Installations  in  the 
southern  U.S.A.,  e.g.,  Arizona,  have 
experienced  cable  failures  in  the  field 
[1].  The  degradation  of  the  material  has 
been  related  to  the  depletion  of  the 


antioxidants  from  the  insulations.  As  a 
result  of  this  observation,  the  stabilizer 
levels  incorporated  into  the  HOPE  resins 
have  been  increased  to  prevent  cracking. 

A  combination  of  a  phenolic  type  primary 
antioxidant  and  a  metal  deactivator  is 
commonly  used  to  protect  polyolefin 
compositions  used  to  insulate  copper 
conductors  [5,12].  A  stabilizer 
formulation  containing  pentaerythrityl 
tetrakis [ 3  ( 3  ' , 5 '  -di-t-butyl-4 ' -hydroxy 
phenyl)  propionate]  (AO-l)  and  N,N'- 
bis[3, (3' , 5'-di-t-butyl-4'  hydroxy  phenyl) 
propionyljhydrazine  (AO-2)  was  demonstrated 
to  be  the  most  effective. 

Absorption  of  moisture  by  the  telephone 
insulations  results  in  poor  communication 
quality,  such  as  cross-talk  [12].  To 
prevent  or  minimize  this  problem,  various 
water-blocking  filling  compounds  are  forced 
under  pressure  into  the  cable  cores  to  fill 
the  voids  and  interstices  therein.  The 
water-blocking  agents  are  usually 
hydrocarbons  of  heavy  oil  or  waxy 
compounds.  While  these  cable  fillers  have 
generally  proven  to  be  effective  water 
repelling  agents,  they  have  a  tendency  to 
extract  stabilizers  from  the  insulation 
materials  [1-12].  There  is  a  significant 
decrease  in  the  stabilizer  protection  level 
after  exposure  to  the  water-blocking  agents 
for  a  period  of  time.  The  use  of  water 
repelling  agents  in  a  cable  construction 
leads  to  premature  failure  although  the 
oxidative  heat  stability  of  the  insulation 
may  have  been  adequate  initially. 

A  comparative  study  [12]  concluded  that 
heat  aging  in  the  presence  of  petrolatum 
reduced  the  stability  of  solid  polyethylene 
by  35  percent  and  of  cellular  (foamed) 
polyethylene  by  10-40  percent.  The  choice 
of  the  stabilizer  package,  i.e.,  a  primary 
antioxidant  and  a  metal-deactivator,  is 
therefore  even  more  critical  where  the 
insulated  conductor  is  used  in  conjuction 
with  a  water-blocking  cable  filler.  After 
evaluating  numerous  primary 
antioxidant/metal  deactivator  combinations. 
Brown  [5]  suggested  that  the  AO-l/AO-2 
combination  was  the  most  effective  system 
when  incorporated  at  high  levels. 
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In  this  paper,  the  current  knowledge  of  the 
insulation  aging  is  reviewed  and  the 
requirements  for  a  good  stabilizer  package 
are  defined.  The  extraction  mechanisms  for 
the  individual  stabilizer  components  are 
discussed.  A  new  antioxidant  system,  which 
imparts  superior  oxidative  stability  to 
polyethylene  insulation  resins  in  the 
presence  of  cable  filler  compounds,  is 
proposed . 


EXPERIMEMTAL 

The  high  density  polyethylene  (HOPE)  used 
in  this  work  was  a  hexene  copolymer  with  a 
melt  index  of  0.70  g/10  min.  and  a  density 
of  0.947  g/cc.  The  antioxidants  used  for 
the  extraction  studies  were: 


AO-1:  Pentaerythrityl  tetrakis[3(3',5'-di- 
t-butyl-4'-hydroxyphenyl) propionate]  -  a 
primary  antioxidant; 

AO-2 :  N,N'-bis[3,(3',5' -di-t-buty 1-4 ' - 
hydroxyphenyl ) propionyl ]  hydrazine  -  a 
metal  deactivator; 

AO-3:  A  proprietary  stabilizer  -  a  primary 
antioxidant;  and 

AO-4 :  2,2' -Thiodiethyl-bis [ 3- ( 3 , 5-di-t- 
buty 1-4 -hydroxyphenyl)  propionate]  -  a 
primary  antioxidant. 

These  antioxidants  will  be  designated  as 
AO-1,  AO-2,  AO-3  and  AO-4  for  simplicity. 

The  HOPE  reactor  powders  were  first  dry- 
blended  with  the  antioxidants  in  a  high 
speed  mixer  (Henschel  mixer)  at  1500  rpm 
for  5  minutes.  The  dry  blends  were  then 
melt-mixed  in  a  twin  screw  extruder 
(Leistritz  LSM  30.34)  at  230'’C.  The  screw 
speed  was  set  at  250  rpm  with  an  output 
rate  of  7  kg/h.  The  polymer  strands  were 
pelletized  after  cooling  with  water.  The 
pellets  were  extruded  into  0.5  mm  thick 
films  using  a  Brabender  laboratory-scale 
extruder . 

The  films  were  aged  at  70 ®C  in  a  number  of 
filling  compounds,  namely,  a  mineral  oil 
(Penreco  -  Drakeol  35) ,  a  petroleum  jelly 
(Penreco  -  PE/PJ  cable  filler  -  4585)  and  a 
non-petrolatum  cable  filler  (Penreco  FW 
cable  filler  -  4495) .  Approximately,  0.5  g 
of  films  were  aged  in  8  g  of  the  cable 
fillers. 

The  oxidative  induction  times  (OIT)  of  aged 
and  unaged  samples  were  measured  at  200‘’C 
using  DuPont  2910  DSC.  The  OIT  measurement 
procedure  employed  was  as  follows:  Set 
initial  temperature  at  60®C,  purge  with 
nitrogen  for  5  minutes,  ramp  temperature  at 
a  rate  of  20®C/min  to  200®C,  hold 
temperature  Isothermally  for  5  minutes. 


switch  to  oxygen  gas  (oxygen  and  nitrogen 
flow  rate  =  50  ml/min)  ,  and  conclude  the 
test  when  exothermic  signal  is  observed. 

The  pellets  with  various  stabilizer 
formulations  were  compression  molded  into 
1.8  mm  thick  plaques  at  170 ®C  under  70  MPa. 
The  plaques  were  water  cooled  to  room 
temperature  and  stored  for  2  days.  Type  IV 
tensile  bars  per  ASTM  D-638  were  cut  and 
aged  at  70 °C  in  the  filling  compound, 
Penreco  FW  cable  filler,  for  28  days. 
These  tensile  bars  were  then  aged  further 
at  110®C  for  56  days  in  an  air  circulated 
oven.  The  mechanical  properties  of  the 
aged  and  unaged  specimens  were  evaluated  at 
5  cm/min  using  an  Instron  tensile  tester  at 
room  temperature .  The  percent  property 
retention  was  calculated  after  the  aging 
process . 

High  performance  liquid  chromatography 
(HPLC)  analysis  was  performed  using  a 
similar  technique  employed  by  Dye  et.  al. 
[7].  The  stabilizer  extraction  was  carried 
out  in  a  microwave  oven. 


RESULTS  AMD  DIBCD8SIOM 

Polymers  designed  for  long  term 
applications  require  stabilizers  which  have 
not  only  a  high  stabilizer  efficiency  but 
also  sufficient  ability  to  remain  in  the 
resin  during  its  service  life.  Thermal 
stability  of  polymers  is  a  function  of  the 
molecular  structure  of  the  polymer  and  the 
additives  present.  A  suitable  stabilizer 
must  be  non-volatile  and  resistant  to 
extraction,  and  must  have  sufficient 
mobility  to  diffuse  within  the  polymer 
matrix  [13].  The  stabilizer  effectiveness 
is  decreased  considerably  in  the  absence  of 
these  properties. 

The  properties  of  the  most  commonly  used 
stabilizers,  AO-l  and  AO-2,  in  the 
telecommunications  industry  are  shown  in 
Table  I  [14].  These  antioxidants  are  non¬ 
volatile,  i.e.,  high  molecular  weight,  and 
stable  at  high  temperatures.  The 
solubility  values  in  hexane  are  also 
included  in  Table  I.  Mineral  oils  and 
cable  filler  compounds  are  comprised  of  low 
molecular  weight  hydrocarbons  higher  than 
that  of  hexane.  Thus,  it  is  assumed  that 
the  antioxidants  will  exhibit  similar 
solubility  in  cable  filling  compounds.  The 
solubility  is  known  to  increase  with 
increasing  temperature  [15].  Generally, 
cable  aging  is  performed  at  70®C  which 
enhances  the  solubility  of  the  stabilizers 
in  the  filling  compounds  leading  to 
extensive  antioxidant  depletion  from  the 
insulation. 

A  rough  estimate  indicates  that  a  telephone 
cable  construction  contains  approximately 
equal  weight  amounts  of  the  HDPE  insulation 
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and  the  filling  compound.  A  calculation 
using  the  data  in  Table  I  shows  that  2000 
ppm  of  AO-1  in  the  insulation  could  be 
dissolved  and  extracted  even  at  room 
temperature.  Increasing  the  testing  time 
or  the  performance  temperature  will  aid  the 
extraction  process.  However,  AO-1  is  known 
to  be  less  extraction  resistant  than  AO-2, 
probably  due  to  the  lower  solubility  of  AO- 
2  in  mineral  oils  [5,7]. 

The  solubility  level  of  the  stabilizers  in 
polyethylenes  is  also  import .nt  for 
stability  efficiency  since  the  polymer  must 
hold  the  antioxidants.  The  solubility  of 
AO-1  and  AO-2  in  polyethylene  are 
relatively  low  [16,17].  The  solubility  of 
AO-1  is  0.06  weight!  at  60<“C.  The 
incompatibility  and  insolubility  of 
antioxidants  in  polymers  cause  rapid 
depletion  of  the  stabilizer  molecules  at 
high  temperatures.  AO-1  and  AO-2  are 
reported  to  migrate  readily  at  70 ®C  in  the 
absence  of  the  filling  compounds  [16].  AO- 
2  is  almost  insoluble  in  filling  compounds 
(Table  I) .  Thus,  the  mechanism  of 
migration  of  AO-2  molecules  at  high 
temperatures  may  be  attributed  to  the 
diffusion  as  a  result  of  the 
incompatibility  of  the  stabilizer  with 
polyethylene. 

Low  molecular  weight  hydrocarbons,  such  as 
hexane,  mineral  oil  and  petroleum  jelly, 
swell  and  plasticize  polyethylenes  [15,18]. 
The  presence  of  low  molecular  weight 
molecules  in  a  polymer  has  a  profound 
effect  on  the  physical  properties  of  resins 
[18].  It  is  expected  that  the  amorphous 
component  of  a  semicrystalline  polymer, 
e.g.,  polyethylene,  absorbs  most  of  the 
sorbed  solvent  [15]. 

HOPE  tensile  specimens  were  aged  in  the 
filling  compound,  Penreco  FW  cable  filler, 
at  70®C  for  28  days.  The  mechanical 
properties  were  measured  at  room 
temperature  before  and  after  aging.  The 
results  are  presented  in  Figure  1.  The 
yield  stress  decreased  while  the  ultimate 
elongation  increased  significantly, 
indicating  that  the  HOPE  was  plasticized 
when  aged  in  the  filling  compound.  It  is 
believed  that  the  antioxidant  molecules 
become  highly  mobile  [15]  in  this 
plasticized  medium,  leading  to  higher 
diffusion  or  migration  rates  from  the 
insulation  into  the  filling  compounds.  AO- 
1  will  be  expected  to  have  higher 
extraction  levels  since  it  is  more  soluble 
in  the  filling  compound  compared  to  AO-2. 
Thus  AO-1  is  first  dissolved  by  the 
penetrating  mineral  oil  and  then  migrates 
out  of  the  Insulation.  This  process  may  be 
similar  to  leaching. 

The  solubility  data  of  Molsan  [17]  Indicate 
that  0.059%  AO-l  is  the  equilibrium 
solubility  value  for  a  polyethylene/AO-l 


system.  The  equilibrium  solubility  of  AO-1 
is  0.3%  in  hexane,  i.e.,  mineral  oil  or 
filling  compounds,  at  room  temperature 
(Table  I) .  Thus,  the  filling  compound  will 
dissolve  AO-1  as  soon  as  it  diffuses  into 
polyethylene.  The  thermodynamics  of  a 
solution  [19]  suggests  that  a  stabilizer 
concentration  gradient  exists  between  the 
mineral  oil  swollen  insulation  and  the 
external  filling  compound.  Migration  of 
stabilizer  will  take  place  to  equalize  the 
concentration.  However,  it  is  also  likely 
that  the  filling  compound  may  hold  more 
stabilizer  than  the  insulation  since  its 
limiting  solubility  level  is  higher. 
Published  data  [7],  as  well  as  our 
unpublished  observations,  support  this 
mechanism. 

Stabilizers  may  be  added  to  the  cable 
filling  compounds  to  prevent  the  insulation 
cracking  due  to  the  antioxidant  depletion. 
Antioxidant  addition  may  extend  the 
insulation  performance  but  may  not  totally 
eliminate  failures.  AO-2  is  not  soluble  in 
the  filling  compound  and,  thus,  the 
incorporation  of  AO-2  into  the  cable  filler 
may  not  be  effective.  Therefore,  the 
decision  to  add  stabilizers  other  than 
those  in  the  insulation  to  the  filling 
compound  must  be  made  carefully  since  these 
additives  could  migrate  into  the  insulation 
to  equilibrate  the  chemical  potential  [19]. 
The  incorporation  of  stabilizers  into 
filling  compounds  other  than  those  in  the 
insulation  does  not  necessarily  eliminate 
the  failure  of  the  insulation  although  some 
improvement  in  stabilization  may  be 
observed.  Furthermore,  most  of  the  sorbed 
antioxidants  could  leach  out  of  the 
insulation  with  the  filling  compound  during 
the  desorption  process  once  the  cable  is 
exposed  to  air. 

The  effect  of  the  addition  of  the 
stabilizers  to  the  filling  compounds  on  the 
oxidative  induction  times  (OIT)  were 
studied  in  Figure  2  using  various 
antioxidants.  OIT  is  often  utilized  to 
characterize  the  degradation  of  the 
insulation  [5-9].  However,  OIT  method  only 
determines  the  presence  of  the  antioxidants 
in  the  polymer.  Films  with  AO-l  and  AO-2 
were  aged  in  the  filling  compound,  Penreco 
FW  cable  filler  with  0.6%  stabilizer,  at 
70 “C  for  14  days.  The  OIT  retention  is 
shown  in  Figure  2.  The  retention  of  the 
OIT  values  is  higher  with  the  samples 
exposed  to  the  filling  compound  containing 
AO-4  compared  to  AO-l,  AO-2.  AO-4  is  known 
to  be  more  soluble  in  the  polymer  and  cable 
filler  [14,16]  and,  thus,  it  is  expected  to 
migrate  into  the  film  at  higher  levels  and 
at  a  faster  rate.  The  results  in  Figure  2 
suggests  that  AO-4  is  absorbed  by  the  film. 
The  filling  compound  with  AO-2  had  the 
least  effect  on  OIT  since  its  solubility 
and  compatibility  are  low.  The  OIT 
retention  values,  however,  do  not  indicate 
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the  exact  efficiency  of  the  stabilizer. 
Some  stabilizers  may  exhibit  high  OIT 
values  although  they  are  less  effective  in 
protecting  the  polymer. 

Cracking  of  telephone  insulations  has  been 
observed  to  occur  in  air  exposed  parts 
above  ground,  e.g.,  pedestals.  It  was 
reported  earlier  that  filling  compounds 
swell  and  plasticize  the  insulation.  It  is 
believed  that  the  sorbed  filling  compound 
in  the  insulation  permeates  out  together 
with  the  stabilizer  when  the  cable  is 
spliced  and  exposed  to  air.  This  process 
further  reduces  the  antioxidant  level  in 
the  insulation.  The  sorption-desorption 
process  may  generate  changes  in  the  polymer 
morphology  and  reorganization  of  the 
crystalline  structure  [15].  Such  changes 
may  create  defects  or  channels  which 
enhance  the  stabilizer  migration  and 
ultimate  cracking  of  the  insulation. 

The  antioxidant  depletion  in  telephone 
insulations  and  PIC  cracking  have  led  the 
industry  to  specify  higher  levels  of 
stabilizers  in  the  HOPE  resins.  However, 
incorporating  higher  levels  of  stabilizers 
has  the  disadvantage  of  deteriorating  the 
mechanical  properties  of  the  resin,  since 
high  loadings  of  antioxidants  are 
incompatible  with  polyolefins. 

There  are  two  potential  solutions  to 
prevent  cracking  in  polyolefin  insulations: 
1)  The  elimination  of  the  aggressive 
component  of  the  filling  compound  which 
swells  or  plasticizes  the  polymer,  or  2)  A 
new  stabilizer  package  that  is  extraction 
resistant  to  filling  compounds.  Here,  the 
latter  solution  will  be  discussed  further. 


A  Proposed  Stabiliser  Package 

A  suitable  stabilizer  package  for  telephone 
insulation  exposed  to  cable  filling 
compound  must  have  the  following 
characteristics:  a)  little  or  no 
solubility  in  filling  compounds  and  b)  a 
slow  diffusion  or  low  mobility  of  the 
stabilizer  molecules  at  high  temperatures. 

A  proprietary  antioxidant  (AO-3)  exhibiting 
such  properties  with  a  solubility  of  0.01% 
or  less  in  the  filling  compounds  was  used 
to  stabilize  three  HOPE  formulations,  SFl, 
SF2  and  SF3.  The  formulations  were 
prepared  with  compositions  [0.2%  AO-1  + 
0.2%  AO-2],  [0.1%  AO-1  +  0.2%  AO-2  +  0.1% 
AO-3]  and  [0.2%  AO-1  +  0.2%  AO-3], 
respectively.  The  material  was  formed  into 
0.5  mm  thick  films  and  aged  at  VO^C  in  the 
unstabilized  mineral  oil  (Drakeol  35) . 
Oxidative  induction  times  (OIT)  were 
measured  after  various  aging  times.  The 
data  is  illustrated  in  Figure  3. 

The  OIT  results  depicted  in  Figure  3 


indicate  that  a  sudden  drop  is  initially 
observed  with  the  aging  time  up  to  5  days, 
followed  by  a  constant  rate  of  change  in 
OIT.  Similar  data  have  been  published  in 
previous  studies  [5,6,9].  The  magnitude  of 
the  initial  rapid  reduction  in  OIT  is 
greater  in  SFl  compared  to  that  of  SF3. 

A  surprisingly  high  OIT  value  was  noticed 
for  unaged  SF2  samples  compared  to  SFl  and 
SF3  (Figure  3)  .  A  synergistic  effect  was 
obtained  in  OIT  when  AO- 3  was  compounded 
with  AO-l  and  AO-2.  However,  the  synergy 
was  almost  absent  after  5  days  of  aging. 
It  is  believed  that  most  of  the  stabilizer 
extraction  occurs  during  the  initial  days 
of  the  aging  at  which  swelling  and 
plasticization  of  the  resin  also  take  place 
[18].  The  swelling  enhances  the  mobility 
of  the  stabilizer  additives  and  thus  the 
migration  and/or  diffusion  rate  of  the 
stabilizer  molecules.  It  was  discussed 
earlier  that  the  extraction  mechanism  for 
AO-1  was  due  to  the  migration  of  the 
dissolved  AO-1  molecules  by  the  sorbed 
filling  compound  in  the  insulation,  i.e., 
leaching  effect,  whereas  AO-2  depleted  due 
to  the  increased  mobility  (diffusion 
constant)  of  the  AO-2  molecules  in  the 
plasticized  insulation.  Thus,  it  is 
expected  that  AO-1  will  be  extracted  faster 
since  it  is  more  soluble  and  mobile  in  the 
swelling  agent.  The  faster  initial  drop 
rate  in  OIT  (Figure  3)  support  this 
explanation.  Therefore,  the  synergistic 
effect  in  SF2  is  lost  once  AO-1  is 
extracted  from  the  polymer.  Figure  3  also 
illustrates  that  the  OIT  values  for  SF2  and 
SF3  are  2  to  3  times  higher  than  that  of 
SFl  after  the  28  day  aging  indicating  that 
AO-3  is  less  extractable  by  the  mineral 
oil. 

The  films  from  SFl,  SF2  and  SF3  were  also 
aged  in  the  unstabilized  filling  compound, 
Penreco  FW  cable  filler,  at  70®C  for  16  and 
28  days.  The  OIT  results  are  presented  in 
Figure  4.  It  is  clear  that  AO-3  is  more 
extraction  resistant.  The  additive  levels 
of  the  28  day  aged  samples  were  analysed 
utilizing  HPLC.  The  data  in  Table  II 
implies  that  almost  all  of  AO-1  migrated 
out  of  the  sample  while  the  retention 
values  of  AO-2  and  AO-3  were  20%  and  50%, 
respectively. 

The  1.8  mm  thick  ASTM  type  IV  tensile 
specimens  were  prepared  from  the 
formulations,  SFl  and  SF2,  and  aged  in 
Penreco  FW  cable  filler  for  28  days.  These 
cable  filler  aged  specimens  were  then 
placed  in  an  air  circulated  oven  for  56 
days  at  llO'C.  The  retention  of  the 
mechanical  properties  is  shown  in  Figure  5. 
The  data  indicate  that  the  formulation  with 
AO-3  (SF2)  is  superior  to  that  of  AO-1 
(SFl)  in  improving  the  heat  stability. 
These  new  stabilizer  formulations  have  been 
extruded  onto  copper  conductors,  and  are 
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currently  being  evaluated  in  long-term 
pedestal  aging  tests. 


C0MCL08I0NS 

1.  The  filling  compounds  swell  and 
plasticize  polyolefin  insulations. 

2.  The  swelling  creates  a  mobile  medium 
where  the  diffusion  and/or  migration 
of  the  antioxidant  molecules  are 
facilitated. 

3.  It  is  believed  that  AO-2  diffuses  out 
of  the  insulation  since  it  is 
compatible  with  the  polymer  at  low 
levels,  and  the  diffusion  rate  is 
increased  due  to  the  plasticization  of 
the  insulation  caused  by  the  sorbed 
filling  compound  component. 

4.  AO-l  is  highly  soluble  in  the  filling 

compound  compared  to  the  polyethylene 
insulation.  Thus,  the  sorbed 

component  of  the  filling  compound 
dissolves  and  leaches  AO-1. 

5.  A  new  stabilizer  package  has  been 
developed.  This  system  is  insoluble 
in  cable  filling  compounds  and  resists 
extraction.  The  initial  evaluation 
shows  that  the  heat  stability  is 
superior  to  the  current  stabilizer 
packages . 


REFERBHCES 


1. 

T.N.  Bowmer,  Proceed.  37th 
Cable  Symp.,  475,  1988. 

Int. 

Wire 

2. 

L.E.  Davis,  Proceed.  37th 
Cable  Symp.,  484,  1988. 

Int. 

Wire 

3. 

W.  Englehart  and  R.  Hayes, 
Wire  Cable  Symp.,  252,  1986 

35th 

Int. 

4. 

L.P.  Beltz,  Proceed.  38th 
Cable  Symp.,  123,  1989. 

Int. 

Wire 

5. 

G.D.  Brown,  Proceed.  36th 
Cable  Symp.,  337,  1987. 

Int. 

Wire 

6. 

G.D.  Brown  and  L.E.  Davis, 
Wire  Cable  Symp.,  734,  1987 

36  th 

Int. 

7.  K.D.  Dye,  V.J.  Kuck,  F.C.  Schilling, 
N.G.  Chan,  and  L.D.  Loan,  Proceed. 
38th  Int.  Wire  Cable  Symp.,  98,  1989. 

8.  T.N.  Bowmer,  E.P.  Hjorth,  R.J.  Miner, 
and  O.S.  Gebizlioglu,  Proceed.  37th 
Int.  Wire  Cable  Symp.,  490,  1988. 

9.  T.N.  Bowmer,  R.J.  Miner,  I.M.  Plitz, 
J.N.  D'Amico,  and  L.M.  More,  Proceed. 
39th  Int.  Wire  Cable  Symp.,  316,  1990. 


10.  K.  Dawes,  T.A.  Hunter,  and  C.M.  Chan, 
Proceed.  39th  Int.  Wire  Cable  Symp., 
328,  1990. 

11.  T.N.  Bowmer,  R.J.  Miner,  and  R.C. 
Coker,  Proceed.  39th  Int.  Wire  Cable 
Symp.,  335,  1990. 

12.  Plastics  Additives  Handbook,  Ed.  R. 
Gachter  and  H.  Muller,  Hanser 
Publishers,  1987. 

13.  Photodegradation,  Photo-oxidation  and 
Photostabilization  of  Polymers,  B. 
Ranby  and  J.  Rabek,  Wiley,  London, 
1975. 

14.  Antioxidants  for  Polyolefins,  Ciba- 
Geigy  Catalog,  1987. 

15.  C.E.  Rogers,  Chapter  15  -  Polymer 

Films  as  Coatings  in  "Surfaces  and 
Coatings  related  to  Paper  and  Wood", 
Syracuse  University  Press,  Syracuse  - 
New  York,  1967. 

16.  B.L.  Board  and  H.J.  Rudell,  Proceed. 
31th  Int.  Wire  Cable  Symp.,  300,  1982. 

17.  J.y.  Moisan,  Plast.  in  Telecommun., 
2nd  Int.  Conf.,  26.1,  1978. 

18.  C.  Gieniewski  and  L.L.  Blyler  Jr., 
Proceed.  30th  Int.  Wire  Cable  Symp., 
270,  1981. 

19.  Physical  Chemistry  of  Macromolecules, 
C.  Tanford,  Wiley,  New  York  -  London  - 
Sydney,  1961. 


Table  I:  Properties  of  Stabilizers 


PROPERTY 

AO-1 

AO-2 

DENSITY  (g/cc) 

1.15 

1.11 

MOLECULAR  WEIGHT 

1178 

553 

MELT  TEMPERATURE  (C) 

110-125 

224-229 

TEMPERATURE  AT  1% 
WEIGHT  LOSS 

310 

240 

SOLUBILITY  IN 

HEXANE  AT  20  C 

0.3 

«0.01% 

Table  II:  HPLC  Analysis  of  Stabilizers 

SAMPlrE  AQ-1  (Dom)  AO-2  (oom) 

AO-3  (ppm) 

SF1 

IS 

430 

-- 

SF2 

0 

405 

477 

SF3 

415 

1172 

308  International  Wire  &  Cable  Symposium  Proceedings  1992 


100 


UNEXP08E0  NO  AO  AO-f  AO‘2  AO<4 

ANTIOXIDANT  TYPE 

Figure  2.  The  Effect  of  Stabilised  Fiiiirtg  Compounda  on  OIT 


01 T  (mlnutea) 


A 


S  10  IS  20  2< 

AQINO  TIME 

Figure  3.  The  Effect  of  Aging  Time  on  OIT 


OIT  (minutee) 


Koksal  Tonyali  receieved  a  B.Sc.  degree  in 
Polymer  Science  and  Technology  from 
University  of  Manchester  Institute  of 
Science  and  Technology,  and  his  M.S.  and 
Ph.D.  degrees  in  Polymer  Science  and 
Engineering  from  Case  Western  Reserve 
University  in  1985  and  1986,  respectively. 
He  worked  on  radiation  effects  on  polymers 
as  a  postdoctoral  research  associate  at 
Washington  State  University  before  joining 
Quantum  Chemical  Corporation  in  1988.  He 
is  currently  a  member  of  the  wire  and  Cable 
Product  Development  Group  at  Quantum.  His 
research  interests  include  environmental 
effects  on  polymers,  fracture  mechanics  and 
environmental  stress  cracking,  structure- 
property  relationships  in  materials,  blends 
and  alloys,  polymer  pocessing,  and  reactive 
processing. 


leoxrs 

AOINO  TIME 


Figur*  4.  OIT  Rttuitt  of  C«bf«  Ffilihg  Compound  Agod  Flimo 


International  Wire  &  Cable  Symposium  Proceedings  1 992  309 


Trevor  N.  Bowmer  and  Joseph  N.  D’Amico 


Bellcore 

Red  Bank,  New  Jersey  07701 


ABSTRACT 

There  is  1.3  million  miles  of  buried  cable  containing  ~350 
million  miles  of  polyolefin  insulated  conductors  (PIC) 
installed  in  the  outside  plant  of  the  Regional  Bell  Operating 
Companies  of  the  U^.  Cracked  PIC  insulations  have 
caused  recurring  problems  over  the  last  25  years  in 
aboveground  closures.  This  paper  discusses  various  proactive 
remedial  actions  available  for  installed  outside  plant  to  extend 
PIC  insulation  lifetime  and  reduce  the  effects  of  thermal 
oxidative  degradation  For  example,  airtight  closures  can 
increase  insulation  lifetimes  sixfold  or  temperatures  inside 
typical  outside  plant  closures  can  be  reduced  by  20-25° F  and 
thereby  double  field  lifetimes  of  PIC  insulations.  Both 
laboratory  c^ng  studies  and  field  trial  results  will  be  used  to 
determine  the  quantitative  effects  of  airtight  seeding  of  plant, 
temperature  reduction,  solvent  cleaning  and  other  plant 
practices  on  the  stability  of  PIC  insulations. 


INTRODUCTION 


The  seven  Regional  Bell  Operating  Companies  (RBOCs)  in 
the  USA  have  $160+  billion  dollars  invested  in  the  outside 
plant  of  their  networks  and  spend  ~$20  billion  dollars 
annually  to  upgrade  and  maintain  this  plant.  A  significant 
fraction  of  this  plant  is  the  1.3  million  niiles  of  buried  cable 
containing  —350  million  niiles  of  polyolefin  insulated 
conductors  (PIC) 

These  PIC  cables  are  subjected  to  a  variety  of  held 
conditions  with  the  aboveground  open-access  pedestal 
environment  being  one  of  the  worst;  e.g.,  temperatures  as 
high  as  150“F  were  recorded  in  pedestals  in  Arizona.  Over 
the  last  25  years,  several  episodes  of  insulation  failure  in 
pedestals  were  attributed  to  the  thermal  oxidation  of  the 
polyolehn  insulation^"^^.  During  the  1980s,  the  discovery  of 
cracked  insulations  in  the  latest  foam-sldn  design  of  Mgh 
density  polyethylene  (HOPE)  insulations  initiated  extensive 
studies  on  the  thermal  oxidative  degradation  of  polyethylene 
insulations^’*^’®’^’^^"^^  as  well  as  on  the  appropriate  thermal 
stability  tests^^^^’**^^  for  new  PIC  cable  products. 
Although  improved  thermal  stability  requirements^^  for  PIC 


insulations  will  ensure  that  the  new  PIC  cable  products  are 
adequate  for  the  field  environments,  these  new 
requirements  will  not  affect  the  350  million  miles  of  wire 
already  installed.  Therefore  remedial  action  strategies  are 
essential  to  maximize  the  useful  lifetime  of  the  copper  plant 
until  optical  fiber  transmission  becomes  universal. 

Tliis  paper  will  discuss  various  proactive  remedial  actions 
available  for  installed  outside  plant  to  extend  polyolefin 
insulation  lifetime  and  reduce  the  effects  of  thermal 
oxidative  degradation.  Both  laboratory  aging  studies  and 
field  trial  results  will  be  used  to  determine  the  efficacy  of 
airtight  sealing  of  plant,  temperature  reduction  by  closure 
modification,  solvent  cleaning  and  other  plant  practices. 


EXPERIMENTAL 

nriHntivp  Induction  Time  (PIT)  Analysis  :  The  OIT  value 
for  an  insulation  is  defined  as  the  elapsed  time  at  a 
specified  temperature  in  o^wen  before  the  exothermic 
oxidation  reaction  is  observed^'^.  The  OIT  value  is  known 
to  be  proportional  to  stabilizer  content  and  insulation 
lifetime  for  a  given  insulation  and  stabilizer  package^*^. 
The  insulation  is  typically  stripped  from  the  copper  wire 
and  analyzed  in  aluminum  pans  with  a  Du  Pont  1090 
calorimeter  at  200“C. 

Agir^  Texts :  Samples  were  wound  in  tight  coils  and  aged  in 
laboratory  pedestals  heated  to  temperatures  between  60 
and  110“C.  Other  coiled  samples  were  aged  in  forced-air 
ovens  at  temperatures  between  60  and  100“C.  The  test 
apparatus  and  procedure  for  both  pedestal  tests  and  oven 
tests  are  detail^  elsewhere^^’^^. 

Sealed  Plant  Experiments :  Insulated  wire  samples  were 
collected  in  Mobile,  Alabama,  from  1984  vintage  cables 
installed  into  both  open-access  pedestals  and  pedestals 
containing  secondary  airtight  enclosures.  The  secondary 
enclosure,  consisting  of  a  plastic  shroud  with  an  airtight  seal 
at  the  cable  entry  point,  isolated  the  exposed  wireworks 
(splices,  connections,  etc..)  from  the  environment.  Cable  #  1 
was  a  25  pair  filled  cable  containing  24  AWG  wire  insulated 
with  foam-skin  HDPE.  Cable  #2  was  a  50-pair  filled  cable 
with  22AWG  wire  insulated  with  foam-skin  HDPE.  Four  or 
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six  insulated  wires  were  sampled  from  four  pedestal 
closures  on  each  cable  run  and  their  residual  stability  was 
measured  by  OIT  analysis. 


pedestal.  Samples  were  taken  after  56  and  153  days  field 
exposure  and  the  insulation  stability  measured  by  OIT 
analysis. 


Laboratory  aging  tests  were  performed  using  copper  wires 
(26AWG)  insulated  with  foam-skin  HOPE  from  a  standard 
commercial  cable.  A  blue/white  pair  was  selected  from  the 
cable  and  pre-aged  in  a  forced-air  oven  until  the  OIT-values 
of  the  insulations  were  low;  i.e.,  2-4  mins.  These  insulated 
wire  samples  were  aged  in  ovens  and  pedestals  as  tightly 
wrapped  coils.  Different  plant  closure  designs  were 
simulated  using  glass  tubes  sealed  to  varying  degrees  as 
illustrated  in  Figure  1. 


FIG.  1  LABORATORY  TEST  VESSELS 
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Closure  Cooling  Field  Trial :  Commercial  cables  were 
selected  for  a  Held  trial  in  Mesa,  Arizona,  to  include: 


Solvent  Cleaning  of  Inmlated  Wires  :  Fifty  insulated  wires 
were  selected  from  a  1989  vintage  PIC  cable  for  the  solvent 
cleaning  experiments.  Fourteen  solvents  were  chosen  to 
cover  a  broad  range  of  solubility  parameters^  (i.e.,  8  values 
of  6.6  to  23.4  (cal/cm^)'/^).  The  wires  (30-35  cm)  were 
placed  in  a  sealed  glass  jar  with  500-800  ml  of  solvent  and 
shaken  vigorously  for  2-5  minutes.  After  30  minutes,  the 
jars  were  opened  and  the  ’’cleaned"  wires  were  removed 
and  allowed  to  air-dry  at  room  temperature.  After  a  visual 
and  tactile  inspection,  a  rating  between  1  and  10  was  given 
for  cleaning  efficiency. 

1-3  =  poor  solvent,  insulations  still  greasy 
4-7  =  40-70%  of  filling  compound  removed 
(still  greasy  to  touch) 

8-10  =  no  filling  compound  detected 

For  each  set  of  wires,  the  white/slate  and  blue/black  pairs 
were  selected  and  the  OIT  values  for  these  insulations  were 
measured  at  200“C.  These  OIT  values  were  then  compared 
to  reference  OIT  values  measured  on  insulations  simply 
wiped  with  a  clean  dry  paper  towel. 


RESULTS  AND  DISCUSSIONS 

Figure  2  illustrates  the  options  and  decision  process  for 
determining  the  most  appropriate  remedial  action  for  a 
company’s  outside  plant.  Field  survey  data  combined  with 
laboratory  test  results  can  predict  the  average  percentage  of 
PIC  insulations  susceptible  to  thermal  oxidation  cracking 
for  a  given  geographic  region  and  closure  type^’*.  Based  on 
these  predictions  and  the  associated  maintenance/repair 
costs,  various  actions  can  be  contemplated  including  : 

•  No  Action 


•  different  cable  vintages  (1987,1989  &  1991) 

•  different  insulation  types  (solid  &  foam-skin  HDPEs) 

•  different  insulation  stabilizer  packages 

•  filling  compounds  with  different  stabilizer  packages. 


•  Modify  Physical  Plant 

•  Improve  Plant  Practice 

•  Cable/Wire  Replacement 


Standard  green  metal  pedestals  (6x6x48  inch)  were  either 
used  "as  received”  from  Champion  Metal  Products,  painted 
tan  or  white,  or  protected  with  a  white  vented  aluminum 
cover.  The  experimental  details  of  the  reflective  paints, 
pedestal  covers,  thermocouple  placements  used  at  the  site 
are  given  elsewhere^^.  For  each  closure,  a  3-4  foot  section 
of  cable  was  cut  and  the  outer  black  jacket,  metallic  shields 
and  the  mylar  core  wraps  were  removed  from  one  end  for 
about  2  feet.  To  simulate  typical  open-access  outside  plant, 
a  prepared  cable  piece  was  placed  in  each  closure  with  the 
ejqxised  insulated  wires  in  the  top  section  of  the  closure  and 
the  sheathed  cable  end  buried  in  gravel  at  the  bottom  of 
the  closure.  The  exposed  insulated  wires  were  fanned  out 
and  looped  over  the  plastic  bracket  supplied  with  each 


The  laboratory  and  field  data  relevant  to  these  remedial 
options  shall  be  discussed  below. 

Cracited  Insulations  and  the  No  Action  Option 

In  the  mid-1980s,  annular  cracks  were  found  in  foam-skin 
insulations  in  aboveground  closures  where  cable  jackets  are 
removed  to  permit  connections  and  splices.  These  cracked 
insulations  produced  unacceptable  noise  and  crosstalk 
problems.  OIT  values  were  measured  for  insulations 
gathered  from  around  the  USA  and  we  concluded  that  the 
probability  an  insulation  was  cracked  or  was  vulnerable  to 
oxidation  increased  as  the 


International  Wire  &  Cable  Symposium  Proceedings  1992  3ll 


FIG.  2 

DECISION  CHART  FOR  REMEDIAL  ACTION  STRATEGY 


(i)  exposure  temperature  increased, 

(ii)  insulation  thickness  or  wire  gauge  decreased, 

(iii)  field  exposure  (i.e.,  cable  age)  increased  and 

(iv)  physical  stress  on  the  insulation  increased. 

Our  field  survey  data  (summarized  elsewhere^’®)  can  be 
combined  with  laboratory  aging  tests  to  predict  the  average 
percentage  of  cracked  insulations  to  be  expected  for  a  given 
geographic  region.  For  example.  Figure  3  plots  the 
percentage  of  cracked  insulations  in  aboveground  closures 
for  a  typical  RBOC  located  between  30“  and  40"  north 
latitude  that  has  ~60%  of  its  300,000  cable  miles  and 
~40%  of  its  70  million  wire  miles  as  buried  plant.  This 
RBOC  would  have  about  1.5  million  aboveground  closures. 
Figure  3  shows  four  possible  scenarios  - 

•  Curve  A  -  If  all  future  PIC  insulations  have 
1980-85  stabilizer  levels. 

•  Curve  B  -  If  all  future  PIC  insulations  have 
1989-90  stabilizer  levels. 

•  Curve  C  -  If  all  future  cables  (after  1992)  meet 
the  requirements  of  Bellcore  TR-000421^^ 

•  Curve  D  -  If  proactive  remedial  actions  proposed 
in  this  memorandum  are  implemented  for  1-2%  of 
the  PIC  plant  per  year. 


Between  1985  and  1992,  many  manufacturers  enhanced 
their  stabilizer  packages  for  insulations  and  filling 
compounds.  However,  this  improved  stability  will  not  have 
an  impact  on  installed  PIC  insulations  until  after  the  year 
2010.  For  this  representative  RBOC,  insulations  that  crack 
between  the  present  and  2010  were  installed  before  any 
significant  increases  in  stabilizer  levels  occurred  (i.e.,  before 
1986).  The  improvements  represented  by  curve  D  in  Figure 
3  depend  on  the  extent  &  rate  of  proactive  remedial  actions 
and  the  particular  actions  selected. 

The  first  option  ("No  Option")  is  to  use  routine 
repair/maintenance  procedures  to  control  any  PIC 
insulation  cracking  problems.  Two  factors  may  encourage  a 
RBOC  to  follow  the  "No  Action"  optioa  First,  RBOCs 
with  their  network  mostly  in  the  cooler  parts  of  the  country 
will  not  experience  significant  PIC  insulation  cracking  until 
2010-2020.  Secondly,  the  strategic  business  plans  of  a 
RBOC  may  entail  rapid  deployment  of  fiber  to  the 

customer  and  therefore  complete  removal  of  the  copper 
network  before  significant  cracking  problems  develop. 

Figure  3  predictions  assumed  that  the  total  amount  of 
buried  copper  cable  will  peak  during  1990-1995  and  begin 
to  decline  at  ~  2%/year.  There  is  debate  over  the  rates  at 
which  fiber  cable  will  penetrate  the  local  loop  and  how  fast 
the  copper  plant  will  be  replaced  or  removed.  If  all  copper 
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cable  is  replaced  before  2020,  then  the  cracked  foam-skin 
PIC  insulation  problems  could  be  ignored  by  all  companies 
expect  those  with  plant  in  the  hottest  climates  (i.e.,  zones  4 
and  5  as  defined  in  references  6,8).  However,  we  consider 
that  copper  cables  will  probably  remain  active  in  the 
network  much  longer  than  2020;  particularly  in  the 
distribution  plant  nearest  to  the  customer.  It  will  then 


become  more  critical  to  ensure  that  these  copper  wire  links 
in  the  network  do  not  become  the  weak  links  in  delivering 
the  latest  telecommunications  services. 


Physical  Plant  Modifications 

Airtight  sealing  of  the  plant  and  temperature  reduction 
strategies  for  aboveground  closures  are  the  two  most 
efficient  remedial  actions  available  to  extend  the  useful 
lifetime  of  currently  installed  PIC  insulations. 

Airtight  sealing  of  plant :  Field  samples  showed  a  marked 
improvement  in  insulation  stability  for  wireworks  sealed  in 
an  airtight  secondary  closures  relative  to  open-access 
closures.  The  OIT  values  of  field  insulations  sampled  from 
inside  airtight  closures  were  3-4  times  larger  than  the  values 
found  for  insulations  from  open-access  pedestals. 
Insulations  from  cable  #  1  showed  OIT  values  of  9±  1  min 
in  the  open  access  environment  while  the  OIT  values  for 
the  insulations  from  inside  pedestals  using  the  airtight 
closures  were  23.5  ±  1  mia  Insulations  from  cable  #2 
showed  similar  results  with  OIT  values  of  2.5  ±  0.5  minutes 
from  open  access  sites  and  10±  2  mins  from  sealed  closures. 
The  initial  OIT  of  the  insulation  when  installed  was  not 
known  and  therefore  to  determine  the  quantitative 
improvement  in  stabihty,  laboratory  experiments  were 
performed  with  the  test  vessels  shown  in  Figure  1. 

Both  pedestal  and  oven  tests  showed  that  the  tighter  the 
seal,  the  larger  was  the  time-to-crack  value  (t )  for  the 
insulations.  The  insulation’s  lifetime  increased  because 
sealing  the  insulations  reduced  both  stabilizer  loss 
evaporation  and  oxygen  access  to  the  polyethylene 
insulation.  Insulations  are  known  to  crack  only  if  (a)  all  the 


TABLE  1.  SEALED  PLANT  AGING  RESULTS 

(ped.  =  pedestal  test  at  9ff‘C ,  oven  =  oven  test  at  Sff’C) 


TEST  VESSEL 

LABORATORY 

TEST 

STABILITY  FACTOR 
Vtelno  !“•*)} 

EQUIVALENT  PLANT 
CLOSURE  OR  PRACTICE 

no  tube 

ped./oven 

1.0 

free-breathing 

open  tube 

ped. 

1.0 

open  access 

open  tube 

oven 

12 

pedestals 

tube  (1/4"  hole) 

oven 

2.6 

tube  (1/10"  hole) 

ped. 

2.8 

plastic  &  metal  bags 

tube  (1/10"  hole) 

oven 

4.0 

flood  covers 

non-airtight  seal 
(corked  &  taped) 

oven 

4-6 

encapsulated  plant 

sealed  in  air 

oven 

>15 

airti^t  secondary 

sealed  in  air 

ped. 

>32 

closures 

seal  in  nitrogen 

oven 

>15 

sheathed/buried  cable 

sealed  in  vacuum 

oven 

>15 

sealed  in  vacuum 

ped. 

>32 

International  Wire  &  Cable  Symposium  Proceedings  1992  313 


TABLE  2.  PROS  &  CONS  OF  VARIOUS  SEALED  PLANT  PRACTICES 


CLOSURE/PRACTICE 

MAJOR  ADVANTAGE(S) 

MAJOR  DISADVANTAGE(S) 

•  open  access  pedestals 
(firee  breathing) 

•  easy  access  for 

repair,  modiflcation, ... 

•  moisture  &  volatile 
pollutants  easily  flushed  out 

•  exposed  to  environment 

(e.g.  climate,  pollutants,  vandalism) 

•  plastic  wrappings/bags 

•  metallic  mesh  bags 

•  easy  installation  and  re-entry 

•  inexpensive 

•  mechanical  weakness 

•  stabilizer  migration  into  plastic 

•  potential  for  metal  corrosion  or 
electrical  grounding/shorting  problems 

•  environmentally 

sealed  closures 
(e.g,,  flood  covers) 

•  sealed  from  environment 

•  flood  protection 

•  any  trapped  moisture  and/or 

environmental  contaminants  are 

retained  near  wireworks 

•  can  be  expensive 

•  re-entry  difficult 

•  secondary  closures 
(e.g.,  airtight  shrouds) 

•  airtight  closure 
-  excludes  environment 

•  encapsulated  plant 

•  sealed  from  air  and  environment 

•  excludes  water 

•  stabilizer  extracted  by 

oil-based  urethane 

•  re-entry  difficult  and  messy 

•  sheathed/buried  cable 

•  isolated  from  environment 

•  inaccessible 

stabilizers  are  lost  or  reacted,  (b)  enough  oxygen  is  present 
to  cause  oxidation  of  the  poWethvlene  and  (c)  the 
insulations  are  physically  stressed^’®’^®’^* 

The  laboratory  results  showed  that  the  lifetime  of 
insulations  can  be  increased  by  4-6  times  with  non-airtight 
seals  and  by  15+  times  with  airtight  seals.  These  test 
vessels  were  chosen  to  simulate  various  plant  closures  and 
practices.  Table  1  lists  the  test  vessel,  relative  time-to-crack 
values  (t^)  for  insulations  in  the  laboratory  tests  and  the 
equivalent  plant  closure/practice.  If  thermal  oxidative 
degradation  is  the  rate  determining  step  in  the  deterioration 
of  polyethylene  insulations,  then  insulations  inside  metallic 
mesh  and  plastic  wrappings/bags  should  survive  2-3  times 
longer  than  in  open  access  pedestals.  Plastic  pedestals  and 
flood  covers  that  are  used  to  protect  wireworks  in  flood- 
prone  areas  may  increase  the  lifetime  before  cracking  by 

2-4  times.  Ehiring  a  flood,  these  closures  act  on  the  bell  jar 
principle  by  creating  an  air  pocket  that  restricts  water  entry 
into  the  top  half  of  the  pedestal  where  the  exposed  wires, 
splices,  etc.,  are  located.  Some  flood  closure  designs  will 
ajso  trap  heat  under  sun  exposure  and  the  anticipated 
benefit  of  flood-type  closures  may  be  reduced  markedly  by 
increased  temperatures  inside  the  closure. 

Sealing  the  plant  in  encapsulants  (e.g.,  oil-based  urethane 
materials)  effectively  isolates  the  wireworks  from  the 
environment  and  increases  the  insulation  stability  greater 
than  six  times.  Similarly,  a  secondary  enclosure  with  an 
airtight  seal  should  have  a  stability  increase  factor  of  more 
than  six  since  the  wireworks  are  enclosed  inside  an 


impermeable  membrane.  These  predictions  are  consistent 
with  other  reported  studies  of  encapsulated  splices^’  and 
cable  sheaths”’*  that  have  shown  high  and/or  stable  OIT 
values  after  long  term  aging. 

However,  each  of  the  various  sealed  plant  practices  have 
their  own  advantages  and  disadvantages,  see  Table  2.  For 
example,  in  open-access  pedestals,  moistme  and  pollutants 
can  move  easily  from  the  outside  environment  into  the 
pedestal  and  may  accelerate  the  degradation  of  the 
wireworks.  Conversely,  these  pollutants  can  also  be  readily 
fliished  out  of  the  pedestal  because  of  the  same  rapid 
exchange  between  the  environment  and  the  wireworks.  In 
sealed  plant,  the  rates  of  both  the  entrance  and  removal  of 
pollutants  are  reduced  since  the  air  exchange  with  the 
environment  is  limited.  Insulations  that  are  truly  isolated 
from  the  outside  environment  should  remain  protected 
from  the  effects  of  weather,  moisture,  polluted  air,  etc., 
while  antioxidant  stabilizers  are  retained  Problems  will 
occur  if  the  seals  are  initially  imperfect  or  degrade  with 
time,  so  that  leaks  develop.  Huctuations  in  outside 
temperature  and  humidity  may  then  act  as  a  pump  and 
accumulate  water  and  pollutants  Inside  the  plant.  Retaining 
trapped  moisture  and/or  pollutants  inside  a  closure 
adjacent  to  the  wireworks  will  accelerate  degradation  of  the 
plant. 

In  encapsulated  plant,  stabilizers  are  readily  extracted  from 
insulations  by  the  oil-based  urethane  encapsulants  as  shown 
by  a  40-60%  reduction  in  OIT  values  of  the  insulations^’’^. 
However,  these  low  OIT  values  of  encapsulated  insulations 
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were  unchanged  after  long  term  aging  in  the  field  or 
laboratory^^’*.  The  initial  stabilizer  loss  at  the  time  of 

encapsulation  was  compensated  by  enhanced  long  term 
stability.  Burying  the  encapsulated  splices  would  further 
isolate  the  outside  plant  from  the  environment,  particularly 
the  high  temperatures  found  in  some  aboveground 
pedestals.  Such  out-of-sight  plant  will  reduce  any  thermal 
oxidative  problems  at  the  expense  of  easy  access  for 
maintenance  or  repair  work. 

The  adoption  of  any  of  the  plant  closures  or  practices  listed 
in  Table  2  will  involve  compromises  between  labor/material 
costs  and  improved  plant  reliability.  The  enhanced  thermal 
oxidative  stability  of  polyethylene  insulations  is  only  one 
factor  to  be  considered  to  maintain  a  reliable,  long-lived 
network. 


Temperature  Reduction  Strategiex  :  High  temperature  is  the 
major  environmental  factor  in  the  d^radation  of  PIC 
insulations  in  aboveground  closures^  At  a  New 

Jersey  test  site,  we  foimd  that  convective  cooling,  internal 
venting,  thermal  insulation  and  light/heat  reflective 
coatings^^  could  significantly  reduce  internal  closure 
temperatures.  The  most  promising  modifications  were  field 
trialed  in  a  hot  southwestern  location  at  Mesa,  Arizona. 
Well-characterized  cable  samples  were  installed  in  these 
modified  closures  and  the  insulation  stability,  closure 
temperature  and  climate  data  were  tracked. 

The  temperature  reductions  achieved  in  the  mild  climate  of 
New  Jersey  were  matched  in  the  hot,  harsh  summer  climate 
of  Arizona  and  the  stabilizer  loss  from  the  insulations  were 
significantly  retarded  by  the  pedestal  cooling  strategies. 
Temperature  reductions  of  20-25®F  were  achieved  by 
painting  pedestals  lighter  colors  or  using  vented  covers. 
Fifty-to-hundred  percent  increases  in  PIC  insulation  lifetime 
were  possible  with  such  20-25'’F  reductions. 

Figure  4  shows  the  stability  decay  curves  for  foam-skin 
HOPE  PIC  insulations  from  a  1991  cable  exposed  in 
standard  green  metal  pedestals,  pedestal  painted  white  or 
tan,  and  pedestals  covered  with  a  vented  cover.  The  lower 
the  wireworks  temperature,  the  greater  was  the  stability  of 
the  insulation  after  any  given  exposure  time.  The  insulation 
was  most  stable  in  pedestals  with  white  vented  covers,  and 
least  stable  in  the  standard  green  pedestals.  Relative  to 
green  standard  pedestals,  white  and  tan  painted  pedestals 
increased  the  stability  of  the  insulations  in  proportion  to  the 
temperature  decrease  inside  the  closure.  Similar  behavior 
was  foimd  for  all  cable  vintages  and  Figure  5  shows  the 
linear  relationship  between  insulation  stability  (OIT  value) 
and  average  wireworks  temperature  for  test  insulations 
from  1987,  1989  and  1991  vintage  cables. 

The  temperature/stability  relationship  found  from  these 
Mesa  samples  agreed  with  our  laboratory  aging  results^'*^ 
and  the  theory  that  PIC  insulation  degradation  in  the  field 
is  primarily  a  thermal  (nidation  process.  Activation 


FIG.  4 

LOSS  OF  PIC  STABILITY  IN  PEDESTALS 
Relative  OIT  =  Measured  OIT/lnitial  OIT 


TIME  (Days) 


energies  between  38  and  46  kcal/mole  for  the  oxidation  of 
polyethylene  insulations  were  calculated  fi’om  the  slopes  of 
Arrhenius  plots  {i.e.,  (Temperature,  'K)'^  vs.  Ln(time-to- 
crack)  }  reported  in  earlier  papers^^’^.  The  data  for  these 
Arrhenius  plots  was  obtained  from  laboratory  aging  of 
insulations  in  heated  pedestals  (©bO-lKfC)  following 
pedestal  test  prcKedures  outlined  in  Bellcore  d(Kument 
TR-NWT-000421^^.  The  Arrhenius  plots  were  curved 
implying  that  the  activation  energy  changes  with 
temperature;  e.g.,  44-46kcal/moIe  at  80-100°C  and  38-40 
kcal/mole  below  60“C.  Using  the  temperatures  measured 
in  our  field  closures,  THEORETICAL  lifetime  enhancement 
factors  for  the  various  pedestal  modifications  can  be 
caltmlated  from  the  Arrhenius  relationship. 

Although  none  of  the  insulations  in  our  Mesa  trial  cracked, 
FIELD  lifetime  enhancement  factors  were  calculated  from 
the  decay  times  to  reach  a  specified  value  of  the 
RELATI^  Orr.  Decay  times  and  lifetime  ratios  for  20, 
40  and  60  percent  OIT  reductions  for  our  three  cable 
vintages  were  calculated.  For  example,  compare  the  decay 
times  for  the  same  insulations  from  the  1991  cable  in  green 
and  white  pedestals  in  Figure  4.  The  OIT  value  for  these 
insulation  decreased  by  20%  to  a  RELATIVE  OIT  value  of 
0.8  after  only  80  days  in  the  green  standard  pedestal; 
whereas,  the  insulations  in  the  white  pedestals  survh^  until 
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155  days  before  the  same  20%  reduction  was  observed. 
Therefore  the  lifetime  ratio  for  insulations  in  white  painted 
pedestals  compared  to  green  standard  pedestals  is  155  80 
“  1.9  which  is  defmed  as  the  lifetime  enhancement  factor. 

Using  data  from  all  the  Mesa  samples,  average  FIELD 
lifetime  enhancement  factors  were  determined  and  are 
listed  in  Table  3  along  with  the  THEORETICAL  predictions 
from  the  laboratory  aging  data  (Arrhenius  plots).  The 
Arrhenius  predictions  and  the  Mesa  field  trial  results  agree 
within  experimental  error. 


to  craftspersons  and  suitable  electrical  properties^. 
Closures  need  to  be  evaluated  for  all  these  properties 
before  procurement/installation  decisions. 

This  discussion  has  focussed  on  simple  inexpensive 
modifications  that  can  be  made  to  currently  installed 
and/or  future  outside  plant  closures  in  the  network.  The 
conclusions  for  PIC  insulations  in  pedestals  can  be  extended 
to  other  hardware  items  and  different  aboveground 
closures.  For  instance,  in  El  Paso  (Texas),  the  reliability  of 
some  remote  switches  was  increased  by  changing  the  color 
of  the  cabinets.  Trouble  reports  ceased  after  brown 
aboveground  cabinets  were  painted  white^*. 

There  are  more  sophisticated  techniques  for  cooling  outside 
plant  and  equipment  such  as  solar-powered  cooling  fans, 
solar-powered  heat  exchanges  and  thermal  insulations  based 
on  PCM  (Phase-Change-Materials)  technology^^'^.  The 
cost/benefit  analysis  of  these  techniques  may  make  them 
too  expensive  for  the  copper  cable  pedestal  plant.  However, 
these  strategies  may  become  cost  competitive  for  large 
equipment  cabinets  containing  remote  switches  and  for 
aboveground  closures  used  in  FITL  (Fiber-In-The-Loop) 
deployments.  The  equipment  and  installation  costs  for 
FITL  components  are  such  that  more  expensive  cooling 
strategies  may  become  attractive  to  ensure  network 
rehability  and  increased  lifetime  of  the  outside  plant 
components. 


Plant  Practice  Modilication  Options  ! 

A  second  class  of  options  is  not  to  purchase  any  new 
hardware  but  to  treat  the  vulnerable  wireworks  under  field 
conditions.  Suggestions  for  plant  practice  modifications 
include  (1)  antioxidant  sprays  to  coat  vulnerable  insulations 
and  minimize  further  oxidative  degradation,  and  (2)  solvent 
cleaning  to  remove  filling  compound  that  can  extract 
stabilizers  from  insulations. 


TABLE  3.  LIFETIME  ENHANCEMENT  FACTORS 


PEDESTAL 
(Color  &  Cover) 

ENHANCEMENT  FACTOR 

FIELD 

THEORETICAL 

Standard  Green  - 

painted  Tan 

L5±0.1 

13-1.5 

painted  White 

1.6±0J 

1.4-13 

with  White  Vented  Cover 

2.1±0.5 

1.6-23 

Besides  protecting  outside  plant  against  thermal  oxidation, 
numerous  design  and  peiformance  factors  need  to  be 
considered  for  selection  of  the  best  closure  in  a  particular 
location.  Additional  requirements  include  physical 
robustness,  fire  resistance,  security,  flood  resistance, 
compatibility  with  other  outside  plant  hardware,  friendliness 


Sprays  and  Surface  Trealmenls^  Sprays  were  successfully 
tested  for  low  density  polyethylene  insulations  in  the 
1970s^^.  Table  4  shows  an  example  of  a  1968  vintage 
insulation  that  was  sprayed  during  the  1970s.  The 
antioxidant  did  prevent  insulation  cracking  but  the 
insulation  OFT  value  did  not  increase.  The  sprayed  coating 
provided  an  airtight  seal  to  inhibit  any  further  oxidation  and 
crack  development.  No  re-stabilization  of  the  insulation 
occurred,  since  beneath  the  coatmg  the  PIC  insulation  had 
an  OIT  value  of  only  0.6  mins. 

Urethane  coatings  and  phenolic-type  varnish  sprays  were 
reportcd^^  to  reduce  the  effects  of  thermal  oxidation  on  not 
only  low-density  polyethylene  insulations  but  also  high- 
density  polyethylene  (solid  and  foam-skin  designs). 
Disadvantages  of  the  spray  include  the  careful  preparation 
and  application  procedures  generally  required  to  ensure 
that  an  effective  coating  is  applied  and  adheres  to  the 
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TABLE  4.  FIELD  SAMPLES  -  SPRAYED  INSULATIONS 
(From  pedestal  in  Layton,  Iowa) 

(*)  LDPE  =  Low-Density  Polyethylene 


SAMPLE  (*) 

OIT  (200"C) 

Cables  placed  in  1968 

(mins) 

SoUd  LDPE 

2.5 

(Spray  coated,  1970s) 

SoUd  LDPE 

0.6 

(Coating  removed) 

SoUd  LDPE 

0.8 

CRACKED 

(Not  spray  coated) 

insulation.  The  resulting  sprayed  wires  adhere  together  and 
make  it  difficult  for  any  craftperson  to  work  with  the  wire 
bundle.  After  drying  and  aging,  the  coating  can  become 
brittle  and  later  craft  activity  will  crack  the  coating  and 
insulation  degradation  will  continue. 

In  filled  cables,  these  problems  are  exacerbated  by  the  need 
to  remove  thoroughly  all  filling  compound  before  spraying. 
Good  adhesion  between  the  antioxidant  spray  and  the 
insulation  usually  requires  minimal  filling  compound  be 
present  on  the  insulation  surface.  The  most  efficient 
cleaning  procedure  requires  solvents  that  may  extract 
stabilizers  from  the  insulations  and  create  a  disposal 
problem. 

Filling  Compounds  and  Solvent  Cleaning  of  Wires  i  As  a 
protective  barrier,  the  filling  compound  excludes  or  reduces 
oxygen  access,  water  penetration  and  environmental 
contamination,  all  of  which  can  initiate  or  accelerate 
degradation  of  the  insulation.  Conversely,  stabilizers  are 
more  soluble  in  filling  compounds  than  in  insulations  and 
therefore  stabilizers  are  readily  extracted  from  insulations 
into  the  filling  compounds^^'^'*’^®.  A  poorly  stabilized  filling 
compound  may  even  initiate  oxidation  and  deplete 
stabilizers  intended  to  protect  the  insulatioa  Finally,  typical 
filling  compounds  are  greasy  and  messy  to  handle.  A  well 
stabilized  filling  compound  (i.e.,  OITj^^  value  of  150+ 
mins)  will  not  significantly  extract  stabilizers  from 

insulations  and  should  act  as  a  barrier  to  oxygen  and 
thereby  reduce  oxidation  of  the  polyethylene  insulation. 
Conversely,  a  poorly  stabilized  filling  compound  (i.e., 
OIT.qq,c  value  below  20  minutes),  would  not  only  extract 
stabUi^r  from  the  insulation,  but  also  would  be  vulnerable 
to  oxidation  itself  leading  to  premature  oxidation  of  the 
insulation  and  reaction  of  stabilizers  intended  to  protect  the 
HOPE  insulatioa 

Removal  of  filling  compound  may  or  may  not  be  a 
improvement  to  the  thermal  stability  of  the  insulation. 


Removal  of  a  well  stabilized  filling  compound  may  expose 
an  insulation  to  accelerated  degradation  whereas  removal  of 
a  weakly  stabilized  filling  compound  may  extend  the 
insulation’s  lifetime.  The  cleaning  procedure  (e.g.,  solvent 
used)  may  also  affect  the  outcome  of  filling  compound 
removal.  The  competing  effects  of  filling  compounds  is 
clearly  illustrated  in  Table  5  where  laboratory  aging  results 
are  shown  for  two  sample  sets  - 

(A)  foam-skin  HOPE  insulated  wires  removed  from  a 
filled  commercial  cable  and 

(B)  foam-skin  HDPE  insulated  wires  that  were  never 
cabled  or  exposed  to  filling  compound. 


TABLE  5.  EFFECTS  OF  FILLING  COMPOUND 


SAMPLE 

INSULATION  TIME-TO-CRACK 

90'’C  Pedestal 

80°C  Oven 

(Al)  Wiped  with 
diy  cloth 

65-70  days 

200-250  days 

(A2)  Coated  with 
rilling  compound 

150-190  days 

600  days 

(Bl)  "As  received" 

>  350  days 

>  900  days 

(B2)  Preaged  in 
fiUing  compound 

60-65  days 

300  days 

Aging  results  for  samples  A1  and  A2  showed  that  retaining 
a  thick  coating  of  filling  compound  increased  the  insulation 
lifetime  by  2-3  times.  In  contrast,  samples  B1  and  B2 
illustrated  how  effectively  stabilizer  can  be  extracted  from 
insulation  by  filling  compound.  The  insulations  that  were 
never  exposed  to  filling  compounds  survived  at  least  5  times 
longer  in  the  laboratory  aging  tests.  Beltz^^  has  reported  on 
increased  insulation  lifetimes  after  solvent  (i.e.,  3M 
Scotchcast  4413  solvent  blend)  cleaning  of  filling  compound 
from  PIC  cable  insulations.  In  contrast,  Hershkowitz  and 
Hore^  reported  10%  lower  stabilizer  levels  for  insulations 
that  were  cleaned  with  solvents  prior  to  encapsulation  in 
splices.  Hershkowitz  and  Hore^'  tested  Type-B  cleaning 
fluids,  gasoline  and  perchloroethylene-type  cleaners  as 
representative  of  solvents  and  fluids  that  PIC  insulations 
may  be  exposed  to  in  the  field. 

We  examined  fourteen  different  solvents  and  measured 
their  cleaning  efficacy  and  their  effect  on  stability  of  the 
insulatioa  Two  general  trends  were  apparent  from  Figure 
6  where  the  cleaning  efficiencies  and  OIT  ratios  are  plotted 
as  a  function  of  solubility  parameters  (6s).  One,  the  closer 

the  8  was  to  the  or  to  the  8,„.  ^  the 

better  the  insulations  were  cleaned.  Two,  the  closer  the 
*«oi«ni  ®st«biii2ere>  the  more  stabilizer  was  extracted 

from  the  insulation,  and  the  greater  was  the  reduction  in 
OIT  (i.e.,  lower  OIT  ratio).  Alcohols  and  some  polar 
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F/G.  6  SOLVENT  EFFECTS 


OIT  RATIO  =  OIT(washed)  /  OIT(wiped) 


6.6  -  Decane 

6.8  -  Paraffin  Oil 

6.9  -  Mineral  Spirits 

7.3  -  Hexane 

7.3  -  Freon  113 

7.4  -  Ethyl  Ether 

8.6  -  Carbon  Tetrachloride 

8.9  -  Toluene 


9.3  -  Chloroform 

9.3  -  Methyl  Ethyl  Ketone 

9.9  -  Acetone 

11.5-  Isopropanol 

1 2.0  ■  Dimethyl  Sulfoxide 

14.5  -  Methanol 

23.4  -  Water 


7  8-8.2  :  HDPE 

6-8 :  FWng  Compound 

1 0-1 2  (calc.) ;  Antioxidant  Stabilizers 


solvents  extracted  stabilizers  from  and  reduced  OIT  value 
of  the  insulations  more  easily  than  other  solvents.  The 
most  promising  solvents  had  8-values  of  7-9  (cal/cm^)*/^ 
and  extracted  less  than  S-10%  of  the  stabilizers  from  the 
PIC  insulations.  After  washing  with  some  solvents  (e.g., 
toluene)  a  small  5%  increase  in  OFT  was  found  compared 
to  the  wiped  insulatioa  j^jparently,  a  small  amount  of 
niling  compound  remained  adsorbed  on  the  insulation  after 
wiping  and  reduced  the  OIT  value  of  the  insulatioa  The 
toluene  wash  must  have  removed  the  last  vestiges  of  tilling 
compound  and  thereby  increased  the  measured  OIT  of  the 
insulatioa 


If  95 -F  %  of  the  filling  compound  can  be  removed  from  the 
insulation  than  the  long  term  stability  of  the  insulation 
should  be  improved.  The  major  problems  of  this  cleaning 
process  were  (a)  leaving  significant  amounts  of  filling 
compound  on  the  insulation  and  (b)  extracting  significant 
fractions  of  the  insulation  stabilizers.  Any  filling  compound 
that  remained  may  act  as  an  initiator  for  oxidation  since  the 
stabilizer  in  the  filling  compound  was  depleted  by  the 
solvent  cleaning. 

A  generic  statement  that  cleaning  the  insulations  will 
enhance  thermal  stability  is  incomplete.  Given  appropriate 
solvents  or  cleaners  and  the  correct  procedures,  the 
removal  of  filling  compounds  may  be  able  to  enhance  the 
long  term  thermal  stability  of  PIC  insulations.  The  correct 
implementation  of  any  such  cleaning  practice  may  be 
difficult  and  the  problems  of  solvent/cleaner  disposal  have 
not  been  addressed.  Environmental  codes,  safety  concerns, 
fire  risks  and  other  regulations  may  play  a  major 
consideration  in  the  feasibility  of  any  solvent  cleaning 
practice.  Since  many  scenarios  are  possible  in  which  the 
stability  of  insulations  may  be  enhanced,  degraded  or 
remain  unaffected  by  filling  compound  removal,  we  do  not 
recommend  a  generic  cleaning  practice  be  implemented  at 
this  time. 


Cable  Replacement 

The  more  drastic  option  for  cracked  or  vulnerable  PIC 
insulations  is  cable  replacement.  One  may  cutback  into  the 
sheathed  cable  in  the  lower  section  of  a  closure  and  expose 
insulations  that  were  protected  by  the  jacket  and  sheaths. 
OIT  analysis  of  field  samples  showed  a  large  increase  in 
OIT  values  if  the  insulated  wires  were  enclosed  by  the 
jacket^’®.  Table  6  lists  data  from  cables  installed  up  to  27 
years  ago  that  illustrate  the  protective  effect  of  the  jacket. 

Removal  of  the  exposed  insulated  wires  and  resplicing  from 
insulated  wires  should  double  the  lifetime  of  the  insulations. 
Of  course,  the  splice/connections  will  be  much  lower  in  the 
pedestal,  more  difficult  to  access,  as  well  as  more 
susceptible  to  other  environmental  hazards  (e.g.,  water 
penetration  from  floods).  The  new  splice  could  be 
encapsulated  and  buried  below  ground  level  to  minimize 
thermal  oxidative  degradation  of  the  insulations. 

Another  variation  on  the  cable  replacement  theme  is  to  cut 
out  the  cable  section  with  cracked  or  vulnerable  PIC 
insulations  and  replace  that  3-6  foot  section  with  new  more 
stable  insulations,  such  as  solid  high-density  polyethylene 
insulations^. 
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TABLE  6.  FIELD  SAMPLES  -  JACKET  EFFECT 


LOCATION 

INSULATION 

OIT 

#8  =  Yuma  pedestal 
#  1,3  =  Iowa  pedestals 

SAMPLE 

(mins) 

Cable  8A  placed  1983 
#8  -  Exposed 

Foam-skin  HOPE 

1.0 

#8  -  Under  Jacket 

Foam-skin  HOPE 

4.0 

Cable  lA  placed  1965 
# 1  -  Exposed 

SoUd  LDPE 
(Cracked) 

0.4 

#  1  -  Under  Jacket 

Solid  LDPE 

11.5 

Cable  3A  placed  1965 
#3  -  Exposed 

SoUd  LDPE 
(Cracked) 

0.4 

#3  -  Under  Jacket 

Solid  LDPE 

11 

CONCLUSIONS 


We  have  discussed  the  various  remedial  strategies  available 
for  installed  PIC  insulations  to  maximize  the  service  life  of 
these  insulations  with  respect  to  thermal  oxidative 
degradation. 


lAing  routine  repcur/mcdnterumce  procedures  to  control  any 
problems  arising  from  PIC  insulation  cracking  is  a  reasonable 
short  term  policy.  This  "No  Action"  option  does  entail 
some  long  term  risk  depending  on  the  replacement  rate  of 
copper  technology  by  optical  fiber  technology,  the 
geographic  location,  and  the  strategic  plan  of  the  individual 
telecommunications  company. 

AirtigfU  closure  systems  can  increase  insulation  lifetim^ 
svrfold  or  more.  However,  an  imperfect  seal  can  result  in 
accumulation  of  water  and  pollutants  inside  the  closure  and 
thereby  cause  more  degradation  problems  than  in  a 
standard  open-access,  free-breathing  closure. 

Temperatures  inside  typical  outside  plant  closures  can  be 
reduced  by  20-25*F  by  convective  cooling,  internal  venting, 
thermal  insulation  or  light/heat  reflective  coatings  strategies 
and  thereby  increase  field  lifetimes  of  PIC  insulations. 
Pedestals  painted  white  or  protected  with  vented  covers 
were  found  to  extend  PIC  insulation  lifetime  by  50-100%  as 
compared  to  the  conventional  green  pedestals. 

Removal  of  filling  compounds  by  solvent  cleaning  or  other 
means  may  either  enhance,  degjrade  or  leave  unaffected  the 
then  ■  stability  of  PIC  insulations.  Filling  compounds  may 
both  protect  insulations  from  oxidation  as  well  as  reduce 


insulation  stability  by  stabilizer  extraction.  The  cleaning 
ability  of  any  particular  solvent  needs  to  be  balanced  with 
its  tendency  to  extract  stabilizers  from  insulations.  In 
addition  labor  costs,  safety  and  disposal  concerns  will 
determine  if  filling  compound  removal  is  economically 
sensible. 

There  are  various  proactive  remedial  actions  that  can  be 
used  to  extend  the  useful  life  of  the  350+  million  miles  of 
copper  wires  in  the  USA  telecommunications  network.  Use 
of  the  procedures  and  plant  modifications  discussed  in  this 
memorandum  should  help  minimize  any  future  field 
problems  caused  by  thermal  oxidative  cracking  of  PIC 
insulations. 


acknowij:dgemf.nts 

Various  people  in  the  regional  telephone  companies  assisted 
in  gathering  samples,  preparing  field  trial  sites  and 
supplying  information  &  advice  on  outside  plant  questions. 
In  particular,  we  thank  J.  Blaszczynski,  D.  Wilmont  and  d! 
Whitley  of  BellSouth  Services,  and  R.E.  Coker,  R.  Whinery, 
C.  Will,  D.  Ensle,  A.  Perry,  R.  Munson,  R.  Trevizo,  W. 
Kerr  and  C.  Frederick  of  U  S  WEST  Communications. 


REFERENCES 

1.  Federal  Communications  Commission  -  "Statistics  of 

Communications  Common  Carriers  -  1990-91 

Edition"  U.S.  Government  (1991) 

2.  J.B.  Howard,  Proceed.  21st  Ira.  Wire  and  Cable  Symp., 
p329  (1972). 

3.  H.M.  Gilroy,  Proceed.  23rd  Ira.  Wire  and  Cable  Symp., 
p42  (1974). 

4.  B.D.  Gesner,  J.W.  Shea  and  F.R.  Wight;  Proceed. 
22nd  ha.  Wire  and  Cable  Symp.,  p7  (1973). 

5.  B.  Havens,  Outside  Plata,  pl9  (Jan-Feb  1988). 

6.  T.N.  Bowmer,  Proceed.  37th  Ira.  Wire  and  Cable 
Symp.,  p475  (1988). 

7.  L.D.  Loan,  Proceedings  Golden  Jubilee  Conference  on 
Polyethylenes  1933-83,  (June  1983)  London. 

8.  T.N.  Bowmer,  P.C.  Warren  and  E.E.  Hershkowiiz; 
Plastics  and  Rubber  Processing  and  Applications,  14, 
pl5  (1990)  and  references  cited  therein. 

9.  M.G.  Chan,  H.M.  Gilroy  and  W.M.  Martin;  SPE 
RETEC  US  Army  Communications  Electronics 
Command,  Fort  Monmouth  NJ  (1984) 

10.  G.A,  Schmidt,  Proceed.  22rtd  Ira.  Wire  and  Cable 
Symp.,  pll  (1973). 

11.  G.A.  Shmidt,  Proceed.  26th  Ira.  Wire  and  Cable 
Symp.,  pl61  (1977). 

12.  L.E.  Davis,  Proceed.  36th  Ira.  Wire  and  Cable  Symp., 
p475  (1987). 


International  Wire  &  Cable  Symposium  Proceedings  1992  319 


13.  G.D.  Brown,  Proceed.  36th  Int.  Wire  and  Cable  Symp., 
p337  (1987). 

14.  G.D.  Brown  and  LE.  Davis,  Proceed.  36th  Ira.  Mre 
and  Cable  Symp.,  p734  (1987). 

15.  LP.  Beltz,  Proceed.  38th  Int.  fVire  and  Cable  Symp., 
pl23  (1989)  and  TE&M  Magazine  p60  (Sept  1st  - 
1990). 

16.  T.N.  Bowmer,  R.J.  Miner  and  R.E.  Coker;  Proceed. 
39th  Ira.  Wire  and  Cable  Symp.,  p335  (1990). 

17.  J.N.  D’Amico  and  T.N.  Bowmer;  Proceed.  40th  Ira. 
Wire  and  Cable  Symp.,  p476  (1991). 

18.  K.D.  Dye,  VJ.  Kuck,  F.C.  Shilling,  M.G.  Chan  and 
LD.  Loan;  Proceed.  38th  Int.  Wire  and  Cable  Symp., 
p98  (1989). 

19.  T.N.  Bowmer,  E.P.  Hjorth,  R.J.  Miner  and  O.S. 
Gebizlioglu;  Proceed.  37th  Int.  Wire  and  Cable  Symp., 
p490(1988). 

20.  T.N.  Bowmer,  R.J.  Miner,  I.M.  Plitz,  J.N.  D’Amico 
and  LM.  Hore;  Proceed.  39th  Ira.  Wire  and  Cable 
Symp.,  p316  (1990)  and  references  cited  therein. 

21.  Bellcore  Technical  Requirements  -  TR-NWT-00042I  - 
"Generic  Requiremeras  for  Metallic 
Telecommunications  Cable",  Issue  3,  Sept.  1991. 

22.  W.L.  Hawkins,  M.G.  Chan  and  G.L  Link;  Polymer 
Engineering  &  Science;  11(5),  p377  (1971). 

23.  American  Society  of  Testing  and  Materials  (ASTM), 
ASTM  Method  D3895  •  "Oxidative  Induction  Time  of 
Polyolefins  by  Thermal  Analysis" ,  (1986) 

24.  ASTM  Method  D4565  Section  17  -  "Oxidative 
Induction  Time  Test  Procedure  For  Polyolefin 
Insulations"  This  method  was  revised  by  ICEA 
Working  Party  #646  and  a  revised  procedure  is 
currently  being  balloted  within  the  ASTM.  (August 
1992). 

25.  V  J.  Kuck,  Proceedings  of  the  International  Conference 
on  "Plastics  in  Telecommunications",  -  September 
1992  (London),  in  press. 

26.  Polymer  Handbook  (3rd  Edition)  -  p  VII-519  -  (Eds. 
J.  Brandrup  and  E.H.  Immergut)  John  Wiley  (1989). 

27.  LM.  Hore  and  Hershkowitz;  Proceed.  39th  Ira.  Wire 
and  Cable  Symp.,  p479  (1990). 

28.  E.P.  Hjorth,  private  communication. 

29.  E.A.  Capadona  and  D.  LaPointe,  Outside  Plara,  p22 
(July  -  1988). 

30.  Bellcore  TR-NWT-000013  -  "  Generic 

Requirements  for  Pedestal  Terminal  Closures" 
(Issue  2,  Oct.  1990) 

31.  T.  Mercuez  -  private  communication 

32.  J.R.  McKay,  Proceed.  Ira.  Telecommunications  Energy 
Conference,  INTELEC  (Oct.  1989)  Florence,  Italy  . 

33.  J.R.  McKay,  "Use  of  Air  to  Air  Heat  Exchanger  to 
Reduce  Peak  Temperatures  in  Outdoor  CabirKts", 
private  communication  (Oct.  1989). 

34.  R.C.  Estes,  "The  Effect  of  Thermal  Capacittmce  and 
Phase  Change  on  Outside  Plant  Enclosures”,  private 
communication  and 

R.K.  Prudhow  and  L  Doukas,  Proceed.  INTELEC 
Cortference  (Orlartdo,  Florida),  paper  25-6,  p589  (Oct. 
1990) 


35.  F.R.  Wight,  Proceed.  28th  Ira.  Wire  and  Cable  Symp 
pi  12  (1979). 

36.  T.N.  Bowmer,  unpublished  results  -  Solid  HDPE 
insulations  will  survive  2-4  times  longer  in  aging  tests 
than  foam-skin  HDPE  insulations  with  the  same 
concentration  and  typte  of  antioxidant  stabilizers. 


Trevor  Bowmer  is  a  member  of  the  Plastics  and  Rubber 
Research  Group  in  Bellcore.  He  received  his  Ph.D.  in 
chemistry  from  the  University  of  Queensland,  Australia, 
where  he  studied  radiation  chemistry  of  polymers.  Joining 
Bell  laboratories  in  1980,  he  investigated  radiation  cured 
systems  and  lithographic  materials.  In  1984,  he  came  to  his 
present  position  where  his  interests  include  degradation 
mechanisms  and  characterization  of  polymeric  materials 
used  in  telecommunications  applications. 


Joe  D’Amico  has  worked  on  engineering  and  materials 
issues  affecting  all  types  of  telecommunications  and  power 
cables  in  his  25  year  career.  He  first  worked  with 
communications  cable  at  Western  Electric  before  joining 
General  Cable  Company  in  1967.  There  as  senior  research 
physicist,  he  investigated  the  structure  and  composition  of 
all  types  of  telecommunications  wire,  cable  and  optical  fiber 
as  well  as  electrical  power  cables.  Since  1985  he  has 
worked  at  Bellcore,  initially  as  a  Qualitv  Assurance 
Engineer  and  since  1989,  as  a  member  of  me  Plastics  and 
Rubber  Research  Group  in  Red  Bank,  New  Jersey.  Joe  is 
a  graduate  of  Seton  Hall  University.  He  received  his  MS 
degree  from  Fairleigh  Dickinson  University. 


320  International  Wire  &  Cable  Symposium  Proceedings  1992 


SHORT  AND  LONG  TERM  BEHAVIOUR  OF  HALOGEN 
FREE  FIRE  RETARDANT  CABLE  MATERIALS  IN 
DIFFERENT  ENVIRONMENTS 
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Application  of  HFFR  cables 


Abstract 

Short  term  properties  of  7  different 
halogen  free  fire  retardant  materials  from 
4  suppliers  have  been  evaluated.  Testing  of 
long  term  reliability  is  reported  for  the 
first  time.  4  of  the  7  materials  have  been 
selected  for  long  term  reliability  testing. 
The  short  term  test  program  has  included 
tensile  testing,  flame  spread  and  smoke 
generation.  The  processability  has  been 
judged  as  well.  Accelerated  long  term 
ageing  tests  have  been  performed  in  differ¬ 
ent  environments  such  as  air,  water,  salt 
water,  oil  and  UV-light.  On  the  basis  of 
the  accelerated  test  results  life  time 
predictions  have  been  made. 


Introduction 

Since  the  introduction  of  halogen  free  fire 
retardant  (HFFR)  materials  for  cable  appli¬ 
cation  in  the  early  eighties^'  there  has 
been  an  increasing  use  of  HFFR  cables.  A 
lot  of  papers  have  been  published  since 
then  mainly  dealing  with  the  short  term 
properties  of  HFFR  materials,  but  to  our 
knowledge  no  papers  have  been  published 
about  the  long  term  reliability  of  these 
materials. 


In  the  last  5  to  10  years  HFFR  cables  have 
found  use  for  more  and  more  applications 
because  of  the  superior  performance  of  the 
HFFR  cables  in  the  event  of  fire.  HFFR 
materials  are  flame  retarded  and  in  addi¬ 
tion  they  generate  very  little  dense 
smoke^.  The  corrosivity  of  the  smoke  is 
very  low  as  well. 

This  has  led  to  applications  of  HFFR  cables 
in  crowded  areas  such  as  hotels,  banks, 
office  buildings,  underground  railways  and 
ships^  where  smoke  emission  in  a  fire 
situation  is  a  major  concern.  Other  appli¬ 
cations,  where  especially  the  low  corrosi¬ 
vity  of  the  smoke  is  a  driving  force,  are 
computer  installations  and  telephone 
exchanges.  Many  European  countries  and  for 
example  Australia^  now  install  HFFR  cables 
only  for  all  new  telephone  exchange  instal¬ 
lations. 

Another  driving  force  for  HFFR  materials 
especially  in  Europe  is  the  general  concern 
for  the  environment.  Many,  especially  among 
the  "green  organisations",  have  considered 
primarily  PVC  as  an  ecologically  bad  mater¬ 
ial®'  HFFR  materials  could  for  many 

applications  be  an  alternative  to  PVC. 


Examination  of  the  long  term  reliability  of 
HFFR  materials  is  of  special  importance 
because  practical  long  term  experience  does 
not  yet  exist  for  these  materials,  i.e. 
cables  in  service  for  20  to  30  years.  This 
is  opposite  to  well  established  materials 
as  e.g.  PVC,  which  have  proven  their  relia¬ 
bility  through  their  practical  use  through¬ 
out  many  years.  For  new  materials  like  HFFR 
materials  the  only  quick  method  to  simulate 
long  lifetimes  is  to  conduct  accelerated 
ageing  experiments. 

The  purpose  of  the  enclosed  work  has  been 
to  study  what  can  be  achieved  today  with 
such  materials  regarding  both  short  term 
properties  and  long  term  reliability.  For 
this  purpose  we  have  made  a  comparative 
experimental  study  of  different  commercial¬ 
ly  available  materials. 


Exeunoles  on  HFFR  cables. 

On  fig.  1  to  3  are  shown  3  examples  of  HFFR 
optical  fibre  cables  manufactured  by  NKT. 


Diameter:  3.0  ran 


Tight  Buffered  Fibre 
Aramid  Yarn 
HFFR  Jacket 


Fig.l.  Single  fibre  optical  cable. 
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Fig.  2.  6  fibre  light  duty  optical  cable. 


Fig.  3.  8  fibre  break  out  optical  cable. 


Fire  performance  data  for  the  cables  are 
shown  in  table  1. 


Property 

Test  pethod 

Result 

Plaao  eproad 

UL  1666 

Pass, 

UL  listed,  type  OFNR 

lEC  332-3-C 

Pass 

SBoke  density 

ZEC  1034 

Light  transpission 
pin.  50  % 

SBOka  corroaivity 

lEC  754-1 

sax.  0.3  % 

lEC  754-2 

pH  >  4.3 

Conductivity  <  100  itS 

Spoke  toxicity 

MBS  713 

pax.  3.0 

Table  1.  Properties  of  optical  HFFR  cables. 


Short  term  properties 

7  materials  designated  A  to  G  from  4  dif¬ 
ferent  suppliers  labelled  1  to  IV  were 
selected  for  comparison.  All  materials  are 
commercially  available.  They  are  all 
thermoplastic  polyolefin  based  compounds, 
which  don't  require  any  cross-linking. 

Based  on  the  preliminary  experimental 
results  4  materials  have  been  chosen  for 
the  full  test  program. 

The  manufacturers  do  not  give  very  much 
information  about  the  chemical  composition 
of  their  compounds,  but  the  compounds  from 
supplier  I  are  to  our  best  knowledge  based 
on  magnesium-dihydroxide,  while  the  com¬ 
pounds  from  supplier  II,  III  and  IV  are 
based  on  aluminiumtrihydrate  as  the  filler 
giving  the  compounds  their  flame  retarding 
properties . 

An  overview  of  the  results  of  the  prelimi¬ 
nary  examination  of  the  7  materials  is 
given  in  table  2.  With  all  7  materials 
single  fibre  cables  with  a  design  as  shown 
in  fig.  l  have  been  manufactured.  All 
measurements  except  the  limiting  oxygen 
index  (LOI)  have  been  performed  on  samples 
taken  from  the  produced  cables. 

Tensile  strength  above  10  N/mm>  and  elonga¬ 
tion  at  break  above  150  %  will  satisfy  most 
specifications  for  optical  cable  jacket 
materials.  It  is  seen,  that  all  materials 
except  C  fulfil  this  requirement.  E  is 
however  somewhat  marginal  with  respect  to 
the  elongation  at  break. 

The  usual  requirement  for  hot  pressure  is 
max.  50  %  indentation.  All  materials  are 
below,  but  C  is  quite  close  to  the  limit. 

The  examination  of  processability  is 
described  in  detail  in  next  chapter. 

The  LOI  has  been  measured  in  two  ways. 
Strictly  as  prescribed  by  the  ASTM  standard 
and  with  a  proprietary  modification  of  the 
ASTM  method.  The  modified  method  has  shown 
to  give  LOI's  with  much  better  correlation 
to  actual  cable  fire  tests.  Compound  E  is 
a  good  example,  it  has  a  very  high  LOI  when 
measured  according  to  ASTM,  but  falls  the 
lEC  332-1  fire  test. 

All  materials  evolve  very  little  smoke, 
when  tested  according  to  the  lEC  1034-1  and 
-2  test  method. 

Based  on  the  above  results  we  have  chosen 
material  A,  B,  D  and  F  for  the  full  test 
program. 
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Property 

Test  method 

Unit 

■n 

Material 

m 

B 

C 

— 

D 

E 

M 

G 

Supplier 

I 

I 

I 

II 

II 

III 

IV 

Tensile  strength 

lEC  811-1-1-9 

N/mm* 

11.7 

15.7 

7.8 

16.1 

13.5 

13.1 

15.8 

Elongation  at  break 

lEC  811-1-1-9 

% 

180 

280 

540 

210 

150 

190 

230 

Hot  pressure,  80®C,  6  h 

lEC  811-3-1-8 

% 

28 

10 

47 

3 

nn 

32 

12 

lEC  811-1-4-8.2 

pass 

pass 

pass 

pass 

nn 

pass 

pass 

Processability 

good 

good 

good 

poor 

poor 

fair 

fair 

LOI 

ASTM  0  2863 

% 

41 

38 

32 

45 

44 

38 

26 

LOI  -  modified 

D  2863-modif led 

% 

37 

29 

26 

31 

24 

33 

23 

Flame  spread 

lEC  332-1 

pass 

pass 

pass 

pass 

fail 

pass 

fail 

Flame  spread 

lEC  332-3-C 

pass 

pass 

nn 

pass 

nn 

nn 

Smoke  density;  min. 
transmission 

lEC  1034 

m 

93 

94 

93 

91 

94 

80 

nm:  no-t  measured 


Table  2.  Main  result  of  preliminary  ex2uiiination. 

Material  E  and  G  have  been  excluded  due  to 
bad  fire  retardation.  Material  C  has  been 
excluded  because  of  low  tensile  strength 
and  bad  hot  pressure  performance.  Material 
C  has  also  been  considered  to  have  too  low 
fire  retardant  properties  for  many  applica¬ 
tions. 

The  choice  of  material  D  is  questionable 
due  to  the  poor  processability,  but  it  has 
been  regarded  as  important  to  have 
materials  from  at  least  3  suppliers  in  our 
test  program. 


Processability 

One  of  the  main  problems  with  HFFR 
materials  has  turned  out  to  be  the  extru¬ 
sion  of  the  materials®'^'^°.  This  is  mainly 
caused  by  the  high  viscosity  of  the  melt 
due  to  the  high  content  of  inorganic  fil¬ 
lers  and  low  processing  temperatures.  The 
processing  temperature  has  to  be  kept  low 
to  avoid  liberation  of  water  from  the 
fillers. 

Supplier  II  to  IV  generally  recommend  to 
avoid  high  shear  rates.  They  recommend  use 
of  single  flight  screws  with  a  deep  meter¬ 
ing  zone  and  a  low  compression  of  the  ordei: 
of  1.2:1.  The  material  temperature  should 
be  kept  in  the  range  of  160  to  180®C  (Supp¬ 
lier  IV  allows  up  to  200®C) .  Supplier  I  on 
the  contrary  recommends  use  of  screws  with 
a  shallow  metering  zone  and  a  compression 
ratio  of  2:1  to  3:1.  Both  single  flight  and 
barrier  mixing  screws  are  proposed.  The 
material  temperature  should  be  kept  in  the 
range  200  to  230®C. 


To  compare  the  processability  of  the  7 
materials  we  have  made  extrusion  trials  on 
a  30  mm  25D  extruder.  Two  types  of  screws 
have  been  used:  A  single  flight  screw  with 
a  compression  ratio  of  2.0:1  and  a  barrier 
mixing  screw  with  a  compression  ratio  of 
1.8:1.  The  results  are  siunmarised  in  table 
3.  Column  6  shows  the  set-point  temperature 
of  the  die.  Column  7  shows  the  difference 
between  the  material  temperature  measured 
just  after  it  leaves  the  die  and  the  die 
set-point  temperature.  This  figure  should 
be  as  low  as  possible  in  order  to  avoid 
overheating  and  degradation  of  the 
material. 

Column  8  shows  the  specific  energy  consump¬ 
tion  (SEC)  by  the  screw.  SEC  is  the  power 
put  into  the  screw  divided  by  the  output. 
This  number,  which  normally  tends  to  become 
a  constant  at  high  screw  speeds,  is  a 
measure  of  the  energy  put  into  the  material 
by  the  screw.  For  high  viscosity  materials 
as  HFFR  materials  the  SEC  should  be  kept  as 
low  as  possible  in  order  to  keep  the  tem¬ 
perature  increase  of  the  material  as  low  as 
possible. 


It  is  seen,  when  comparing  materials  from 
the  same  supplier,  that  materials  with  high 
flame  resistance  are  more  difficult  to 
process  than  materials  with  low  flame 
resistance  both  when  looking  at  SEC  and 
temperature  increase.  (A,  B,  C  and  D,  E) . 

It  is  remarkable  that  material  A  shows 
better  performance  with  a  barrier  mixing 
screw  than  with  a  single  flight  screw. 
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Mat. 

8up» 

6cr«v 

Scraw 

■p«*d 

Out** 

put 

Dl« 

teap. 

•at. 

Mat. 

taap. 

incr. 

8pac. 

energy 

cona. 

M 

B 

1 

RPN 

l/h 

•c 

•C 

Wh/l 

h 

I 

s. 

2.0:1 

70 

7.4 

180 

33 

260 

K 

I 

1.8:1 

51 

7.5 

180 

25 

250 

B 

1 

B, 

1.8:1 

48 

7,2 

180 

20 

130 

C 

I 

Sf 

2.0:1 

50 

5.8 

180 

15 

190 

* 

0 

II 

s. 

2.0:1 

39 

4.3 

140 

24 

410 

— 

E 

II 

2.0:1 

64 

5.8 

140 

17 

340 

* 

P 

111 

2.0:1 

58 

7.2 

155 

270 

G _ 

IV 

s. 

2.0:1 

47 

5.8 

180 

22 

260 

* 

NB!  The  3  materials  marked  with  *  were  run 
with  a  set  of  tooling  with  higher  back 
pressure  than  the  others. 


Table  3.  Results  of  extrusion  trial  on  a  30 
mm  extruder. 


In  a  comparative  classification  of  the 
processability  of  the  materials  A,  B  and  C 
must  be  judged  as  good,  especially  because 
they  have  a  large  margin  for  temperature 
increase.  F  and  G  are  fair. 

D  and  E  must  be  judged  as  poor  because  of 
high  SEC  and  relatively  high  temperature 
increase  and  small  margin  for  temperature 
increase.  For  material  D  it  was  not  poss¬ 
ible  to  pass  the  shown  output  of  4.3  1/h, 
before  the  material  temperature  became  too 
high  and  the  material  began  to  degrade. 
This  is  at  least  3  times  less  than  the 
output,  which  can  be  achieved  with  some  of 
the  other  materials. 


L<ni6  TXBII  ASBIKS  TESTS 
Test  methodology 

The  basic  method  to  determine  the  lifetime 
of  plastic  materials  at  different  tempera¬ 
tures  is  for  example  described  in  lEC 
216^^.  The  principle  is  to  determine  the 
time  to  failure  at  a  few  elevated  tempera¬ 
tures.  From  these  data  the  time  to  failure 
at  the  service  temperature  is  extrapolated. 
This  extrapolation  is  normally  done  by 
assuming  that  the  degradation  process 
follows  an  Arrhenius  relationship^^. 

The  basic  procedure  to  determine  the  time 
to  failure  has  been  to  monitor  tensile 
strength  and  elongation  at  break  as  a 
function  of  tir.  Tensile  strength  and 
elongation  at  ".ak  have  been  measured 
according  to  lEC  811-1-1-9^^.  In  all  cases 
3  fold  measurements  have  been  performed.  He 
have  chosen  to  consider  a  tensile  strength 
below  5  N/mm>  and  an  elongation  at  break 
below  100  %  as  failure  criteria. 


single  fibre  optical  cables  with  a  design 
as  shown  on  fig.  1  were  produced  with 
jacket  made  of  material  A,  B,  D  and  F 
respectively.  All  ageing  tests  except  UV 
ageing  have  been  performed  on  these  cable 
samples.  The  ageing  has  been  performed  on 
the  complete  cable,  except  at  temperatures 
above  80*c,  where  it  has  been  necessary  to 
make  the  ageing  on  the  jacket  alone  because 
the  jacket  otherwise  would  stick  to  the 
aramid  yarns  and  in  this  way  make  it  im¬ 
possible  to  remove  the  jacket  for  measure¬ 
ment. 

The  basic  aim  with  the  test  program,  re¬ 
ported  below,  has  been  to  determine  the 
life  time  of  the  materials  at  the  operating 
temperature  for  the  cables  (for  optical 
cables  typically  20“C  or  less)  in  different 
typical  environments.  The  chosen  conditions 
are; 

1.  Dry  air 

2.  Tap  water,  which  had  a  pH  of  7 

3.  Hater  with  a  pH  of  4 

4.  NaCl  solution,  3.5  % 

5.  Vaseline 

6.  ASTM  Oil  No.  2 

7.  Antarox  CO-63 0  solution,  10  % 

8.  UV-ageing. 

1  simulates  normal  indoor  use,  2  and  3 
buried  outdoor  applications,  4  offshore 
applications,  5  application  for  vaseline 
filled  cables,  6  and  7  resistance  to  chemi¬ 
cals  and  8  exposure  to  sunlight. 


Air  ageing. 

Ageing  has  been  performed  at  80,  95  and 
120®c.  The  results  are  summarized  in  table 
4  for  all  temperatures. 


Taaparatura 

eo*c 

95*C 

120*C 

Tiaa 

4000  h 

3400  h 

1900  h 

Ctoanga  in 

tanaila 

atrangth 

M/aoi* 

± _ 

11.7  -*  12.4 

11.7  -•  12.5 

11.7  -  12.7 

15.7  -»  14.3 

15.7  -  16.7 

15.7  -  18.3 

16.1  -  19.7 

16.1  -•  17.1 

16.1  -  20.5 

F 

13.1  -  15,7 

13.1  -•  16.5 

13.1  -  19.5 

Changa  In 
alongation 
at  braaX 
% 

A 

180  •*  110 

180  120 

180  »  90 

B 

280  -»  120 

280  -•  180 

280  -•  170 

D 

210  -  140 

210  -*  190 

210  130 

190  -  130 

190  -•  140 

190  -  130 

Table  4.  Change  in  tensile  strength  and 
elongation  at  break  during  ageing  in  air. 


As  an  example  of  a  full  seguence  the  change 
in  tensile  strength  (TS)  and  elongation  at 
break  (EB)  for  the  4  materials  at  95*C  have 
been  plotted  in  fig.  4  and  5. 
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Fig.  4.  Change  in  tensile  strength  in  air 
at  95®C. 

The  overall  picture  is  the  same  at  80,  95 
and  120®C.  After  a  certain  time  TS  and  EB 
stabilize  at  a  certain  level.  The  stabiliz¬ 
ation  time  is  shortest  at  the  high  tempera¬ 
tures  . 

During  none  of  the  air  oven  ageing  experi¬ 
ments  the  jacket  material  has  been  ruined. 
The  increased  tensile  strength  and  the 
reduced  elongation  at  break  especially  at 
95  and  120®C  can  probably  be  explained  as 
effects  of  cross-linking  or  perhaps 
improved  wetting  of  the  filler  particles 
resulting  in  improved  interfacial  strength 
between  filler  and  polymer.  Actually,  it 
looks  as  if  the  mechanical  properties  of 
the  materials  are  improved  by  ageing  at  95- 
120®C  while  a  certain  degradation  takes 
place  at  80®C. 


Fig.  5.  Change  in  elongation  at  break  in 
air  at  95®C. 


Because  of  the  unusual  temperature  depend¬ 
ence  of  the  degradation  in  the  temperature 
range  investigated  it  is  not  possible  to 
predict  life  time  at  lower  temperatures 
using  the  normal  Arrhenius  approach.  That 
is,  as  we  have  not  been  able  to  reach  a 
failure  even  after  1900  h  at  120®C,  in 
itself  a  strong  indication  of  long  life¬ 
times,  we  cannot  predict  the  lifetime  at 
20®C  with  the  commonly  accepted  Arrhenius 
technique.  However  in  practice  it  has  shown 
that  the  degradation  rate  doubles  for  every 
10  degrees  temperature  rise  for  many  plas¬ 
tic  materials. 

Using  the  above  assumption  a  life  time  of 
min.  4000  h  at  80®C  corresponds  to  min.  30 
years  at  20®C. 


Wet  ageing  in  tap  water  pH  7. 

TS  and  EB  have  been  monitored  after  ageing 
in  tap  water  pH  7  at  20,  50,  65,  80  and 
95 ®C.  An  overview  of  the  results  are  given 
in  table  5.  In  table  6  is  given  the  result 
of  weight  increase  measurements  at  20  ®C. 


20®C 

50«C 

65®C 

80®C 

95®C 

Time 

5000  h 

5000  h 

5000  h 

5000  h 

5000  h 

Change  in 

tensile 

strength 

N/ma* 

A 

11.7  -*  8.9 

11.7  -  7.4 

11.7  -*  6.7 

11.7  -  6.4 

11.7  -  5.5 

B 

15.7  -►  12.5 

15.7  -*  12.6 

15.7  -  12.9 

15.7  -►  13.5 

15.7  -*  11.9 

D 

16.1  15.4 

16.1  -♦  14.9 

16.1  -  14.8 

16.1  -  14.8 

16.1  -*  14.9 

F 

13.1  -►  11.0 

13.1  -  11.3 

13.1  -»  11.5 

13.1  -♦  13.0 

13.1  -  11.3 

Change  in 
elongation 
at  break 

% 

A 

180  -  140 

180  -►  160 

180  -*  110 

180  -  130 

180  -  62 

B 

280  -►  310 

280  -»  310 

280  -  300 

280  -  210 

280  -  180 

D 

210  -*  180 

210  180 

210  ->  180 

210  -  170 

210  -  170 

F 

190  -  210 

190  -►  190 

190  -►  170 

190  -  130 

190  -  90 

Table  S.  Change  in  tenalla  strength  and  elongation  at  break  after  ageing  in 
tap  water  pH  7. 
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Material 

Height  Inc.;  % 

Saturation  tine;  h 

A 

5 

1300 

B 

2 

800 

D 

0.5 

1000 

F 

3 

700 

Table  6.  Weight  increase  at  20’‘C  in  tap 
water  pH  7. 


A,  which  has  the  highest  tendency  to  absorb 
water,  also  shows  the  highest  degradation 
rate  in  water,  pH  7,  while  D,  which  hardly 
absorbs  water,  is  stable  in  water  up  to 
95 ‘C  for  at  least  5000  hours.  Also  B  and  F 
fit  in  this  picture. 


Material 

Height  Inc.;  t 

Saturation  tlae;  h 

A 

-2.5 

1800 

B 

1 

1500 

D 

0.3 

1000 

F 

3 

2000 

Table  8.  Weight  increase  in  water  at  20’‘C 
and  pH  4. 


Compound  A  seems  to  be  degraded  by  the 
acid.  This  material  loses  weight  due  to 
degradation  products  being  washed  out  by 
the  water  and  it  loses  its  strength  totally 
at  80°c  while  the  elongation  at  break 
increases . 


Because  of  the  limited  knowledge  of  the 
chemical  composition  of  the  materials  it  is 
difficult  to  judge  the  degradation  mechan¬ 
ism.  The  tensile  properties  measured  indi¬ 
cate  that  the  degradation  mechanisms  are 
quite  different  in  dry  and  wet  environment. 
The  relation  between  water  absorption  and 
degradation  rate,  however,  indicates  that 
the  amount  of  water  in  the  polymer  is 
important.  The  water  probably  diffuses 
along  boundaries  between  filler  and  poly¬ 
mer,  thereby  reducing  interfacial  strength. 
The  dry  ageing  is  probably  dominated  by 
oxidation  reactions  in  which  cross-linking 
and  chain  scission  act  simultaneously. 

If  an  elongation  of  100%  is  chosen  as  the 
lowest  acceptable  value,  we  obtain  a  mini¬ 
mum  lifetime  of  5000  hours  at  80«C  corre¬ 
sponding  to  36  years  at  20*C  assuming  a 
doubling  of  the  lifetime  for  each  10”C 
temperature  decrease.  If  special  attention 
has  to  be  given  to  water  resistance  D 
should  be  chosen  if  the  other  properties 
are  acceptable. 


Wet  wing,  ph  4. 


Ifsssssm 

20*C 

80«C 

time 

5000  h 

5000  h 

Change  in 

tensile 

strength 

N/ns> 

A 

11.7  -•  6.6 

B 

15.7  -  10.6 

15.7  -♦  11.0 

D 

16.1  -•  15.5 

16.1  -»  12.7 

P 

13.1  -»  9.7 

13.1  -•  8.3 

Change  in 
elongation 
at  break 

% 

A 

180  -►  160 

180  -*  190 

B 

280  400 

280  -•  240 

D 

210  -»  190 

210  -  170 

P 

190  -  190 

190  -►  110 

Table  7.  Change  in  tensile  strength  and 
elongation  at  break  during  ageing  in  water 
pH  4. 


The  other  three  materials  all  show  a  reduc¬ 
tion  of  strength  compared  to  the  experi¬ 
ments  in  water  at  pH  7. 

The  time  to  reach  the  chosen  failure  point 
for  TS  of  5  N/mm>  for  A  at  80®C  is  2000  h, 
which  with  the  previously  used  calculation 
method  corresponds  to  a  lifetime  at  20 “C  of 
15  years. 


Wet  ageing  in  MaCl  solution.  3.5%. 


Temperature 

20»C 

80»C 

Time 

5000  h 

5000  h 

Change  in 

tensile 

strength 

N/mm* 

A 

11.7  -►  9.0 

11.7  -*  5.7 

B 

15.7  -•  12.5 

15.7  -  13.9 

D 

16.1  -►  16.3 

16.1  -►  15.7 

P 

13.1  -  11.2 

13.1  -*  12.1 

Change  in 
elongation 
at  break 
% 

A 

180  -♦  160 

180  -*  140 

B 

280  -  310 

280  -  220 

D 

210  -  180 

210  -•  160 

P 

190  -  210 

190  -  160 

Table  9.  Change  in  tensile  strength  and 
elongation  at  break  during  ageing  in  NaCl 
solution,  3.5  %. 


Material 

Height  inc. ;  % 

Saturation  time;  h 

A 

0.8 

700 

B 

0.6 

1000 

D 

0.2 

1110 

P 

1.1 

1500 

Table  10.  Weight  increase  at  20®C  in  NaCl 
solution  3.5  %. 
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The  observed  weight  changes  were  all  3-5 
times  lower  than  in  water  at  pH  7,  because 
the  osmotic  pressure  reduces  the  water 
absorption  of  the  materials. 

The  changes  in  tensile  properties  were  all 
nearly  identical  to  what  was  observed  at  pH 

7. 

Thus,  salt  water  is  no  particular  threat  to 
these  materials. 


Ageing  in  vaseline. 

Ageing  has  been  performed  in  a  commonly 
used  cable  vaseline  for  optical  cables. 


Tenperature 

20*C 

80*C 

Time 

3400  h 

1300  h 

Change  in 

tensile 

strength 

U/jm‘ 

A 

11.7  -•  8.1 

11.7  -  5.2 

B 

15.7  -  11.9 

15.7  -•  8.9 

0 

16.1  -*  14.1 

16.1  -  13.3 

F 

13.1  -  12.1 

IBfMl 

Change  in 
elongation 
at  bre2Uc 

\ 

A 

180  -»  110 

180  -•  80 

B 

280  -  130 

280  ->  180 

D 

210  -  140 

210  -•  140 

F 

190  -•  170 

190  -*  100  1 

Table  11.  Change  in  tensile  strength  and 
elongation  at  break  during  ageing  in  vas¬ 
eline. 


Material 

A 

2 

800 

B 

4 

3000 

0 

9 

3000 

F 

3 

3000 

Table  12.  Weight  increase  at  20®C  in  vas¬ 
eline. 


Ageing  at  2000  results  in  decreased  TS  and 
£B  for  all  materials,  while  at  SO’C  TS 
decreases  a  lot  except  for  D  although  this 
material  absorbs  the  highest  amount  of 
vaseline. 

As  in  water  compound  A  and  F  are  the  most 
sensitive,  although  the  weight  Increases 
are  the  lowest.  This  may  be  due  to  extrac¬ 
tion  of  material. 

The  possible  reactions  occurring  are  ab¬ 
sorption,  extraction,  migration  of  low 
molecular  weight  components  e.g.  stabi¬ 
lizers  and  oxidation. 


The  tendency  to  stress  cracking  has  been 
tested  as  well.  Cable  samples  have  been 
wound  around  mandrels  with  a  diameter  of  9 
mm  (3  times  the  cable  diameter)  and  stored 
in  vaseline  at  20 ®C  in  2600  h  followed  by 
1300  h  at  50®C.  No  tendency  to  stress 
cracking  have  been  observed. 

It  is  not  advisable  to  use  these  materials 
in  contact  with  vaseline  without  further 
experimental  evidence.  Compound  D  is  the 
most  promising  candidate. 


Ageing  in  A8TM  OIL  Ho.  2. 


20»C 

CD 

O 

o 

n 

Time 

3400  h 

1300  h 

Change  in 

tensile 

strength 

N/mm* 

A 

11.7  -  6.9 

11.7  -»  1.6 

B 

15.7  -  13.1 

15.7  -  6.4 

D 

16.1  -  14.0 

16.1  -  12.7 

F 

13.1  -  1.2 

Change  in 
elongation 
at  break 

Hi 

180  -»  170 

180  -»  90 

B 

280  -  250 

280  -  210 

D 

210  -♦  150 

210  -»  220 

EH 

190  -»  190 

190  -  170 

Table  13.  Change  in  tensile  stren^h  and 
elongation  at  break  during  ageing  in  ASTM 
oil  No.  2. 


Matarial 

Waight  in, 
20*C;  % 

Sat.  tise 
20*C;  h 

Sat.  tiae 
80»C;  h 

A 

>  13 

>  3400 

so 

150 

B 

8 

2400 

20 

300 

Z> 

7 

600 

30 

150 

F 

>  12 

>  3400 

70 

200 

*)  Measured  on  plagues. 

Table  14.  Weight  increase  in  ASTM  oil  No. 

2. 
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Fig  6.  Change  in  tensile  strength  at  80«c 
in  ASTM  oil  No.  2. 


T  \  ■  I  '  '  1  I'  r  ■  "  ..  I - 1  "-  r-  '■  T  1 

0  02  04  00  U  I  U  U 

OImhM 


□  A  *0  A  P 


Fig  7.  Change  in  elongation  at  break  at 
80*C  in  ASTM  oil  No.  2. 


Fast  degradation  of  A  and  F,  and  to  some 
degree  also  B  is  observed.  Again  D  shows 
remarkably  good  resistance  and  lowest 
absorption.  In  all  cases  very  high  absorp¬ 
tion  values  are  seen. 

The  tendency  to  stress  cracking  has  been 
tested  as  well.  Cable  samples  have  been 
wound  around  mandrels  with  a  dieuneter  of  9 
mm  and  stored  at  20”C  for  2600  h  followed 
by  1300  h  at  50®C.  No  observations  of 
stress  cracking  have  been  made  on  sample 
B,D  and  F,  whereas  A  cracked  after  1000  h 
at  50*C. 

In  general,  contact  with  oil  should  be 
avoided,  but  D  and  maybe  B  could  be  tested 
in  more  detail. 


Met_sqeina  in  Antarom  co-630  solution.  io%. 

The  tendency  to  stress  cracking  has  been 
tested.  Cable  samples  have  been  wound 
around  mandrels  with  a  diameter  of  9  mm 
and  stored  in  a  10%  Antarox  CO-630  solution 
at  20®c.  No  observations  of  stress  cracking 
have  been  seen  after  2600  h. 


Change  in  TS  and  EB  and  weight  Increase 
sfter  ageing  at  20®c  have  been  monitored  as 
well.  The  results  are  seen  in  table  15  and 
16. 


I  Temperature 

20®C 

Time 

3400  h 

Change  in 

tensile 

strength 

N/mm* 

A 

11.7  -  8.1 

B 

15.7  -  11.0 

D 

16.1  -*  14.5 

F 

13.1  -»  9.3 

Change  in 
elongation 
at  break 
% 

A 

180  -►  200 

B 

280  -►  400 

D 

210  -  170 

F 

190  -►  260 

Table  15.  Change  in  tensile  strength  and 
elongation  at  break  during  ageing  in  An¬ 
tarox  CO-630  solution,  10  %. 


Material 

Height  inc. ;  t 

Saturation  tiae;  h 

A 

2 

1300 

B 

>  2 

>3400 

D 

0.3 

1000 

F 

2 

1300 

Table  16.  Weight  increase  at  20®C  in  An¬ 
tarox  CO-630  solution  10  %. 


The  reductions  in  TS  and  EB  are  similar  to 
those  found  after  ageing  in  water  pH  7. 
However,  F  seems  to  have  a  somewhat  higher 
decrease  in  TS  and  an  increase  in  EB. 
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ov  «a«ina. 

UV  ageing  in  a  QUV  accelerated  weathering 
tester^^  has  been  performed.  The  apparatus 
was  equipped  with  UVA  340  lamps.  The  test 
cycle  was  20  h  UV  irradiation  at  60  ®C 
followed  by  4  h  of  water  condensation  at 
50® C.  This  test  corresponds  in  our  experi¬ 
ence  to  a  50  times  acceleration  when  com¬ 
paring  with  North-European  outdoor  expo¬ 
sure.  Like  always  such  acceleration  factors 
must  be  used  with  caution,  because  they  can 
vary  from  one  material  to  the  other. 

The  test  was  for  all  materials  performed  on  . 
uncoloured  plaques.  UV-stabilizer  was  added 
per  the  suppliers  recommendation.  That  is 
no  UV-stabilizer  for  A  and  D,  0.5  %  UV- 
stabilizer  for  B.  Material  F  has  been 
tested  both  with  0.5  %  UV-stabilizer  and 
without  as  the  supplier  mentions  both 
alternatives.  The  result  of  the  test  is 
seen  on  fig.  8  and  9. 


Fig.  8.  Change  in  Tensile  strength  after  UV 
ageing  in  QUV  apparatus. 


Fig.  9.  Change  in  elongation  at  break 
after  UV  ageing  in  QUV  apparatus. 


The  time  to  failure  (in  all  cases  EB  below 
100  %)  is  summarized  in  table  17. 


Haterial 

Tiae  to  fallura  in 
QUV  in  h 

Batiaatad  Ufa- 
tiae  in  North 

Europe  In  years 

A 

150 

1 

B  +  uv-stablllrer 

300 

1.5 

0 

<  70 

<0.5 

P 

100 

0.5 

f  *  uv-atabllisar 

350 

2 

Table  17.  Results  of  UV  ageing  test. 


Our  test  shows  a  good  effect  of  the  UV 
stabilizer,  the  UV  resistance  of  F  has  been 
improved  6-7  times  in  this  way.  The  UV 
resistance  of  O  could  perhaps  also  be 
improved  by  addition  of  an  UV-stabilizer. 

Permanent  outdoor  applications  should  be 
avoided  for  all  the  tested  types.  A  posi¬ 
tive  effect  from  pigmentation  has  previous¬ 
ly  been  observed  and  should  be  expected, 
especially  from  carbon  black. 

To  make  HFFR  materials  suitable  for  outdoor 
use  better  UV-stabilization  systems^°  as 
well  as  addition  of  carbon  black  as  common¬ 
ly  done  with  polyethylene  should  be  con¬ 
sidered. 


Conclusion 

HFFR  materials  exist  today  with  good  fire 
performance  as  well  as  mechanical  prop¬ 
erties.  The  processability  vary  a  great 
deal  from  material  to  material.  The  conven¬ 
tional  ASTH  LOI  measurement  gives  on  HFFR 
materials  poor  correlation  to  actual  cable 
fire  test,  while  a  modified  LOI  measurement 
method  gives  much  better  correlation  to 
actual  cable  fire  tests. 

For  the  first  time  long  term  reliability  of 
HFFR  material  has  been  verified  as  well. 

All  4  tested  material  indicated  lifetimes 
of  min.  30  years  in  dry  air  at  20®. 

In  water  all  4  materials  showed  a  lifetime 
of  min.  30  years  if  pH  is  close  to  7.  Salt 
water  (3.5  %  NaCl  solution)  was  no  problem 
either.  In  acid  water  (pH  around  4)  one 
material  (A)  had  only  an  estimated  lifetime 
of  15  years  while  the  other  3  demonstrated 
the  same  performance  as  for  pH  7.  Due  to 
very  slow  degradation  it  was  not  possible 
to  use  the  normal  Arrhenius  approach  nei¬ 
ther  in  air  nor  in  water. 

Vaseline  could  be  a  problem  for  several  of 
the  materials.  More  testing  is  necessary 
before  use  of  HFFR  material  in  contact  with 
vaseline  can  be  recommended. 


International  Wire  &  Cable  Symposium  Proceedings  1992  329 


Permanent  contact  with  oil  should  be 
avoided,  but  two  of  the  compounds  (O  and  B) 
may  after  further  testing  turn  out  to  be 
acceptable  for  contact  with  oils. 

None  of  the  compounds  should  be  used  in 
outdoor  applications  with  exposure  to 
sunlight  without  further  protection. 
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Abstract 

During  the  1980’s,  the  AEGIS  Shipbuilding  Program  devel¬ 
oped  replacements  for  both  multiconductor  and  radio  fre¬ 
quency  (RF)  Mil-Spec  cables.  These  new  cables  included  low 
smoke,  low  toxicity  and  flame  retardant  materials.  Cable 
specifications  called  for  cross-linked  (thermoset)  jackets  to 
provide  ruggedness,  durability  and  the  ability  to  withstand 
higher  temperatures  to  retard  flame  spread.  Now  that  system 
data  rate  requirements  are  driven  to  use  optical  fibers  as  the 
necessary  transmission  medium,  the  same  rugged  shipboard 
hardened  jacketing  system  that  has  proved  successful  for  Navy 
copper  cables  is  proposed  for  fiber  optic  cables.  This  will 
ensure  that  fiber  optic  cables  will  maintain  the  overall  system 
integrity  previously  baselined  for  power,  control,  and  signal 
cables. 

Introduction 

Today,  as  data  communication  systems  become  faster  and 
more  complex,  the  need  for  greater  information  capacity 
becomes  increasingly  important.  Because  of  inherent  prob¬ 
lems  associated  with  copper  paths  at  high  data  rates  (e.g., 
limited  bandwidth,  crosstalk  and  attenuation),  optical  fiber 
was  selected  as  the  proposed  solution.  The  effectiveness  of 
optical  fiber  systems  is  well  established  in  the  commercial 
industry  and  is  gaining  wider  acceptance  in  military  applica¬ 
tions.  Such  is  the  case  in  the  AEGIS  Program. 

General  Electric’s  Government  Electronic  Systems  Division 
(GESD),  formerly  RCA,  in  Moorestown,  NJ,  has  proposed 
incorporation  of  the  first  fiber  optic  local  area  network  (LAN) 
in  the  AEGIS  Combat  System  Tactical  Graphics  LAN.  GE/ 
GESD  is  the  AEGIS  Combat  System  Engineering  Agent  and  is 
ultimately  responsible  for  Combat  System  integrity  when 
equipment  is  installed  on  the  Navy’s  Ticonderoga~c\aa&  cruis¬ 
ers  and  Arleigh  BurkecUas  destroyers.  Engineering  analysis 
performed  on  the  Tactical  Graphics  and  review  of  system 
requirements  showed  that  an  optical  data  transmission  LAN 
would  be  required;  hence  the  requirement  for  fiber  optic  cable. 

Shipboard  fiber  optic  cable  posed  a  unique  problem  for  cable 
manufacturers  because  of  the  Navy’s  requirement  for  a  Low- 
Smoke/Low-Toxicity  (LS/LT)  thermoset  jacket.  The  processes 
used  to  manufacture  a  thermoset  jacketed  cable  suitable  for 


shipboard  use  historically  have  severely  degraded  the  perfor¬ 
mance  of  the  optical  fibers.  However,  allowance  to  use  ther¬ 
moplastic  jacket  materials  could  jeopardize  the  ruggedness  of 
the  cable  and  could  cause  unforeseen  system  installation/in¬ 
tegrity  problems. 

Cables  installed  on  AEGIS-class  ships  must  be  durable  enough 
to  withstand  the  harsh  installation  techniques  used  at  the 
shipyards  and  exposure  to  various  environmental  elements. 
Those  affiliated  with  new  ship  construction  or  overhaul  pro¬ 
cedures  are  familiar  with  the  stringent  environments  to  which 
cables  are  exposed.  Shipboard  cables  must  be  capable  of 
enduring  abrasive  and  sharp  metal  edges  upon  installation, 
severe  weather,  and  exposure  to  high-temperature  solvents 
and  oils.  Diuing  exposure  to  fire,  these  cables  must  be  self¬ 
extinguishing  and  not  emit  dark  smoke  or  toxic  fumes.  Over 
the  past  decade,  copper  cables  were  developed  that  meet  these 
requirements. 

enable  Development  Background 

Copper 

In  the  early  1980s,  an  effort  began  in  the  AEGIS  Shipbuilding 
Program  office  (PMS  400)  to  develop  replacements  for  poly¬ 
vinyl  chloride  (PVC)  jacketed  multiconductor  cables  specified 
in  MIL-C-91S.  These  new  cables  included  material  having 
LS/LT  and  flame  retardant  attributes.  The  first  cables  were 
designed  to  be  lighter  in  weight,  have  lower  smoke  and  toxicity 
generation  when  burned,  and  inhibit  the  propagation  of  fire. 
The  results  of  this  successful  cable  development  is  now  re¬ 
ferred  to  as  the  Advanced  Marine  Cable  (AMC)  design,  which 
is  contained  in  MIL-C-24640. 

MIL-C-24640  cables  were  primarily  designed  for  signal/con¬ 
trol  applications  and  did  not  include  conductor  sizes  greater 
than  14  AWG.  Many  of  the  MIL-C-91S  constructions  were 
still  needed  for  power  applications,  and  changes  to  overall 
diameters  would  greatly  hamper  interchangeability  and  termi¬ 
nation  hardware.  It  was  decided  that  the  jacket  material 
approved  for  MIL-C-24640  would  be  extended  to  power 
cables  in  MIL-C-915.  These  new  cables  were  listed  in  a 
separate  military  specification,  MIL-C-24643,  so  as  not  to 
confuse  the  LS/LT  jacket  material  cables  with  PVC  jacket 
material  cables. 
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Having  successfully  developed  these  cable  specifications 
(MIL-C-24640  and  MlL-C-24643),  the  Navy  implemented  a 
program  to  introduce  the  cables  in  AEGIS-class  ships.  The 
program  to  phase  in  LS/LT  jacketed  multiconductor  cables 
was  initiated  on  USS  Vincennes  (CG  49)  and  was  to  be 
completed  on  USS  Lake  Champlain  (CG  57).' 

Since  the  design  and  development  of  LS/LT  cables  were 
addressed  and  handled  successfully,  PMS  400  funded  a  study 
to  conduct  a  survey  and  define  cables  that  did  not  use  the  new 
LS/LT  jacketing  system  o;'  AEGIS  ships.  This  study  was  in 
direct  response  to  a  Department  of  the  Navy  directive  that 
required  the  removal  of  all  PVC  from  surface  vessels.^  The 
study  revealed  that  approximately  23  percent,  roughly 
160,000  feet  of  cable  used  in  the  AEGIS  Combat  System  was 
the  flexible  RF  type  that  did  not  utilize  the  new  LS/LT 
jacketing  material.  Almost  all  of  these  cables  were  procured  to 
MIL-C-17.^  It  appeared  feasible  that  techniques  used  in  de¬ 
veloping  AMC  cables  could  be  applied  to  flexible  RF  cables. 

An  RF  cable  development  program  was  initiated  and  RCA 
generated  procurement  specifications  drawings  6322493  and 
6262065.  These  two  cable  specifications  were  used  to  establish 
the  criteria  for  cables  interconnecting  High  and  Low  Level 
Serial  interfaces,  respectively,  for  MIL-STD-1397  Naval  Tac¬ 
tical  Data  System  equipment  used  in  AEGIS  ships. 

Many  different  types  of  MIL-C-17  PVC  jacketed,  flexible  RF 
cable  constructions  were  reviewed  for  replacement.  Therefore, 
work  toward  creating  a  general-requirements  RF  cable  speci¬ 
fication  was  initiated.  The  general  specification  contents  were 
based  on  electrical  performance  requirements  that  were  pat¬ 
terned  after  MlL-C-17,  and  the  physical,  mechanical,  and 
environmental  parameters  patterned  after  MIL-C-24640.  The 
specification  was  delivered  as  NAVSEA  6323050  and  contains 
all  criteria  and  test  procedures  for  the  family  of  RF  cables  used 
in  the  AEGIS  Combat  System  today.  Individual  cable  con¬ 
struction  details  are  presently  defined  in  separate  “satellite” 
drawings  that  reference  applicable  test  requirements,  which 
are  listed  in  the  General  Specification  drawing.  Recent  com¬ 
pletion  of  this  program  set  the  Navy  benchmark  for  RF  cable 
design. 

Fiber  Optic 

In  1 987,  while  Navy  copper  cable  specifications  were  being 
upgraded,  the  AEGIS  community  generated  a  general  specifi¬ 
cation  for  fiber  optic  cable,  PMS-400-XYZ.  This  specification 
incorporated  many  of  the  physical  and  mechanical  test  re¬ 
quirements  contained  in  MIL-C-24640.  After  a  few  years  of 
development,  PMS-400-XYZ  was  not  adopted  because  of  lack 
of  system  requirements  to  use  optical  data  transmission. 
Without  planned  incorporation  of  an  optical-based  system 
into  /kEGIS,  final  cable  development  was  left  up  to  the 
discretion  of  the  cable  industry. 

During  the  same  time,  the  Naval  Sea  Systems  Command 
Office  (NAVSEA  56ZC)  was  generating  fiber  optic  component 
specifications  for  the  Navy.  PMS-400-XYZ  requirements  were 
incorporated  into  DOD-C-85045C.  However,  requirements 


for  a  thermoset  jacket  were  relaxed  to  the  point  where  a 
thermoplastic  jacketed  fiber  optic  cable  was  allowed.  DOD-C- 
85045C,  which  was  intended  to  be  a  Tri-Service  document, 
evolved  into  a  Navy  specification,  MIL-C-0085045D.  Again, 
the  lack  of  optical-based  systems  in  the  Navy  resulted  in  no 
approved  supplier  being  listed  on  the  Qualified  Parts  List 
(QPL)  for  fiber  optic  cables  designed  to  this  specification. 

NAVSEA  6710781  Development 

In  support  of  the  Tactical  Graphics  program,  GE/GESD 
generated  procurement  documentation  that  defined  the  crite¬ 
ria  for  fiber  optic  cables  in  the  same  manner  as  those  for 
LS/LT  RF  cables.  A  general  specification  for  fiber  optic  cable 
was  developed  to  contain  common  requirements.  Individual 
procurement  drawings  referencing  the  general  requirements 
were  created  similar  to  that  of  a  military  specification  and  its 
slash  sheets. 

The  general  requirements  specification,  NAVSEA  6710781, 
was  based  on  NAVSEA  6323050  for  mechanical  and  environ¬ 
mental  performance,  and  PMS-400-XYZ  for  optical  perfor¬ 
mance.  Test  parameters  contained  in  the  RT  cable  specifica¬ 
tions  were  used  to  the  fullest  extent  practical  to  allay  the 
concern  of  putting  optical  fiber  on  Navy  ships. 

NAVSEA  6710781  specifies  an  electrically  nonconductive 
fiber  optic  cable  construction  that  uses  jacket  material  that  is 
cross-linked  and  environmentally  stable,  and  possesses  low 
smoke,  low  halogen  and  low  fire  hazard  characteristics.  Cables 
built  to  this  specification  are  suitable  for  Naval  shipboard 
applications,  and  are  therefore  waterblocked.  All  temperature 
requirements  specified  in  MIL-E- 16400,  including  Range  1 
(—54  *C  to  +65  *C  operating),  for  all  environments,  were  met 
by  this  specification. 

Program  Development  Objectives 

There  were  four  primary  objectives  in  the  initial  phases  of  the 
development  program.  These  objectives  allowed  Brand-Rex 
Company  to  focus  on  successfuUy  developing  a  fiber  optic 
cable  that  would  be  superior  to  those  currently  available  in 
industry.  These  objectives  were: 

1 .  Developing  a  thermoset  jacket  that  had  little  to  no  effect 
on  attenuation. 

2.  LS/LT  flame  retardant  material. 

3.  Tough,  environmentally  benign,  waterblocked  cable 
that  had  a  minimum  amount  of  cost  impact. 

4.  Termination  intermatability. 

Thermoset  Jackets.  Cross-linking  is  a  technique  by  which 
polyolefin  thermoplastic  materials  are  transformed  into  ther¬ 
moset  maUrials.  Cross-linking  allows  individual  polymer 
chains  in  the  material  to  form  a  high  three-dimensional 
network  of  molecules,  thereby  increasing  the  size  of  the 
molecule  chains.  The  primary  benefit  is  that  the  jacket  mate- 
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rial  is  capable  of  exhibiting  its  intrinsic  physical  properties 
over  a  higher  temperature  range  and  also  will  not  fuel  a  fire  by 
liquefying.  Other  benefits  also  are  gained  by  cross-linking: 
improved  cut-through  resistance  and  solvent  resistance.  The 
attributes  of  polyolefin  thermoset  jacketed  cables  for  Navy 
shipboard  use  have  been  well  documented  over  the  past  few 
years.  MIL-C-24640,  MIL-C-24643,  and  NAVSEA  6323050 
all  require  the  same  type  of  thermoset  jackets. 

A  particular  problem  in  the  PMS-400-XYZ  cable  was  encoun¬ 
tered  when  electron  beam  cross-linking  occurred  to  transform 
the  jacket  into  a  thermoset  material  —  the  opt  cal  fibers  in  the 
cable  were  degraded.  Brand  Rex  knew  of  this  phenomenon 
and  worked  toward  controlling  their  manufacturing  process 
and  selecting  materials  and  components  that  would  be  less 
susceptible  to  the  effects  of  electron  beam  cross-linking. 

LS/LT  name  Retardant  Material.  Controlling  smoke  and 
toxicity  levels  during  a  fire  is  a  major  concern  on  Navy  ships. 
Since  the  Navy  had  specified  LS/LT  requirements  back  in  the 
early  1 980s,  it  was  apparent  that  these  new  fiber  optic  cables 
also  had  to  meet  that  requirement.  Specifying  retardation  of 
flame  propagation  attributes,  along  with  LS/LT  characteris¬ 
tics,  has  made  these  cables  compatible  with  MIL-C-24640, 
MIL-C-24643,  and  NAVSEA  6323050  requirements. 

The  smoke  lest  specified  iu  liL  vlO  was  selected  over  other 
test  techniques.  This  test  requires  measuring  the  optical  den¬ 
sity  of  a  burning  cable  in  a  confined  area.  Toxicity  tests  were 
performed  to  NES  7 1 3  specifications.  This  test  allows  measur¬ 
ing  the  toxicity/halogens  levels  expelled  while  a  cable  bums. 

Fiber  optic  cables  developed  for  the  AEGIS  Program  had  to  be 
self  extinguishing.  The  flame  propagation  test  invoked  was 
IEEE  383.  This  test  is  used  to  determine  the  ability  of  the  cable 
to  resist  the  propagation  of  a  fire  exposed  at  the  bottom  of  its 
length.  This  ability  to  control  flame  spread  will  help  contain  a 
fire  within  a  compartment,  thereby  allowing  conventional 
firefighting  techniques  to  be  successful. 

Tough  Environmentally  Benign  Cable.  There  were  many  pro¬ 
posals  over  the  past  few  years  to  include  optical-based  systems 
on  Navy  ships.  Few  have  been  accepted.  Reluctance  still  exists 
to  install  “glass”  on  Navy  vessels.  To  address  this  concern, 
fiber  optic  cables  have  to  meet  or  surpass  the  requirements  of 
their  copper  counterparts.  Mechanical  and  environmental 
tests  from  existing  copper  cable  specifications  were  adopted  to 
preclude  a  compromise  in  overall  performance.  The  goal  was 
not  to  relax  any  requirements;  in  fact,  some  requirements  were 
made  more  stringent.  This  would  ensure  that  fiber  optic 
technology  is  ready  for  the  installation  rigors  and  environ¬ 
ments  found  on  Navy  ships. 

Production  cost  for  this  type  of  fiber  optic  cable  was  a  major 
concern.  In  a  defense  industry  climate  where  decreased  spend¬ 
ing  is  the  accepted  business  practice,  fiber  optic  cables  built  to 
NAVSEA  6710781  had  to  be  comparable  with  other  available 
shipboard  fiber  optic  cable  designs.  Even  though  the  require¬ 
ments  contained  in  NAVSEA  6710781  were  more  stringent 
than  any  other  Navy  specification  (hence  better  cable  perfor¬ 


mance)  the  cable  cost/performance  ratio  had  to  be  calculated 
so  that  the  gain  in  performance  would  outweigh  any  increases 
in  cost. 

Termination  Intermatability.  A  major  advantage  of  fiber  op¬ 
tic  systems  over  copper  patli  systems  is  the  reduced  amount  of 
different  parts  needed  to  create  the  system.  A  decrease  in  the 
amount  of  different  part  numbers  has  a  cost/time  savings 
ripple  effect  in  the  logistics  and  system  maintenance.  In  copper 
systems,  hundreds  of  different  qualified  cables  are  available, 
and  with  each  different  cable,  there  usually  is  a  unique  set  of 
termination  hardware,  i.e.,  connectors  and  backshells.  Fiber 
optic  systems  require  only  a  few  cable  configurations  (single 
mode  or  multimode)  and  number  of  transmission  members 
(4-fiber,  8-fiber,  etc.)  are  the  varying  characteristics.  Methods 
had  already  been  adopted  to  terminate  Navy  ruggedized  fiber 
optic  cables.  They  are:  MIL-C-28876  heavy-duty  connector, 
MIL-C-83522  light  duty  connector,  or  MIL-S-24623  splice. 
Therefore,  any  new  cable  design  would  have  to  be  compatible 
with  the  existing  termination  hardware. 

Program  Implementation 

With  program  objectives  clearly  defined,  the  focus  shifted  to  a 
suitable  cable  design.  The  primary  concern  was  whether  an 
optical  fiber  was  available  that  could  withstand  the  cross- 
linking  process.  A  fiber  is  usually  received,  along  with  a 
description  of  its  optica]  performance.  An  important  param¬ 
eter  for  a  multimode  fiber  is  its  attenuation.  Prior  testing 
showed  that  cross-linking  by  electron  beam  increases  fiber 
attenuation  beyond  acceptable  levels.*  It  was  now  believed 
that  with  advances  in  optical  fiber  technology  and  by  carefully 
organizing  the  manufacturing  processes,  it  was  possible  to 
manufacture  a  fiber  optic  cable  using  a  cross-linked  jacket  with 
limited  increases  in  attenuation.  After  a  thorough  analysis  of 
available  cross-linking  processes,  two  were  deemed  viable: 
irradiation  by  electron  beam  and  beat  activated  curing.  It  was 
decided  by  Brand  Rex  that  electron  beam  curing  would  be  the 
preferred  method.  A  test  plan  was  initiated  to  manufacture  an 
8-fiber  cable.  This  cable  would  contain  a  mix  of  optical  fibers 
from  different  suppliers. 

Fiber  Testing 

An  experiment  was  conducted  using  various  optical  fibers  in 
an  electron  beam  cross-linked  jacketed  cable  to  /elop  a 
cable  that  would  meet  NAVSEA  6710781.  The  objective  was 
to  prove  the  viability  of  the  cable,  as  well  as  to  gain  compar¬ 
ative  data  for  the  different  fiber  types.  Four  different  types  of 
fiber  were  used  in  the  cable: 

•  62.5/125  graded  index  fiber  from  Supplier  A. 

•  62.5/125  graded  index  fiber  from  Supplier  B. 

•  62.5/125  graded  index  standard-grade  fiber  from  Sup¬ 
plier  C. 

•  Single-mode  standard  grade  fiber  from  Supplier  D. 


334  International  Wire  &  Cable  Symposium  Proceedings  1992 


Two  of  each  of  the  fibers  were  assembled  together  in  the  cable, 
as  shown  in  Figure  1 . 

Attenuation  of  each  fiber  was  tested  after  each  operation  and 
tracked  through  the  manufacturing  process  to  determine  the 
effect  each  operation  had  on  the  optical  fibers. 

It  was  expected  that  cross-linking  by  electron  beam  would 
have  the  most  significant  effect  on  the  fibers’  optical  transmis¬ 
sion  characteristics.  Optical  fibers  show  a  gradual  recovery 
from  the  induced  effects  of  radiation  exposure.  Therefore, 
measurements  were  planned  at  intervals  immediately  before 
and  after  cross-linking,  then  at  24  hours,  five  days,  28  days, 
and  12  weeks  after  cross-linking.^ 


Fig.  1  Cross-section  of  eight-fiber  test  cable 
The  incoming  fiber,  post  optical  fiber  cable  component 
(OFCC)  construction,  and  post-cable  assembly  measurements 
were  made  by  using  a  Textronix  TFP2  Fibermaster  OTDR  at 
850  nm  and  1300  nm  for  multimode  fibers  and  at  1310  nm 
and  1550  nm  for  single  mode  fibers.  The  post-jacket,  post¬ 
curing,  and  24-hour  measurements  were  made  using  a  Tex¬ 
tronix  OFi50  at  820  nm  and  a  Tektronix  OF152  at  1300  nm 
for  the  multimode  fibers.  No  single  mode  measurements  were 


made  at  these  steps.  All  remaining  measurements  were  made 
using  the  Photon  Kinetics  Model  2500  fiber  optic  test  bench. 

Results 

As  can  be  seen  in  Table  I,  all  fibers  had  increases  in  attenua¬ 
tion  through  the  jacketing  operation.  However,  these  increases 
were  anticipated  and  acceptable.  A  dramatic  change  was 
noticed  immediately  following  cross-linking.  Vendors  A  and  B 
retained  acceptable  losses  at  the  1 300  nm  window,  but  only 
Vendor  B  had  a  value  that  could  be  considered  usable  at  the 
850  nm  window.  Vendor  C  was  rendered  effectively  useless 
after  the  operation. 

After  28  days,  fibers  from  all  three  vendors  recovered  to  2.0 
dB/km  or  less  at  1300  nm.  Only  Vendor  B  met  the  additional 
requirement  of  less  than  1.0  dB/km  change  from  incoming 
values. 

An  additional  measurement  was  made  at  1 2  weeks  to  allow  the 
fibers  additional  time  to  heal.  Vendor  A  showed  improvement 
at  the  850  nm  window,  but  the  attenuation  was  still  unaccept¬ 
ably  high.  Vendor  B  values  are  close  to  commercial  cable 
values  at  the  850  nm  window  at  this  point.  Vendor  C  showed 
significant  decreases  in  attenuation  over  the  extended  time. 

Since  single-mode  (Supplier  D)  measurements  were  unable  to 
be  obtained  during  the  intermediate  manufacturing  process, 
no  values  or  conclusions  were  included  in  this  report. 

Optical  Test  Summary 

Optica]  fibers  manufactured  by  Supplier  B  retained  their 
optical  performance  after  electron  beam  curing  of  the  cable 
jacket  material.  The  long-term  effects  at  the  1 300  nm  window 
were  negligible,  and  the  850  nm  window  performance  was 
within  0.6  dB/km  of  commercial  grade  “FDDI  fiber.” 

Vendor  A  performed  well  at  the  1 3(X)  nm  window  only,  and 
Vendor  C  had  marginal  results. 


TABLE  I  FIBER  TEST  RESULTS  SHOWING  DIFFERENCES  BETWEEN  MULTIMODE  FIBER  TYPES 


Vendor 

Wavelength 

NM 

Incoming 

Post  OFCC 

Post 

Cable 

Post 

Jacket 

Post 

Cure 

24  Hours 

5 

Days 

28 

Days 

12 

Weeks 

jn 

850 

3.2 

3.2 

3.5 

4.2 

14.1 

17.8 

30.5 

41.9 

1300 

0.8 

0.7 

0.9 

Note  2 

1.2 

1.3 

1.7 

850 

3.2 

3.3 

Note  1 

4.2 

14.6 

17.2 

16.7 

41.3 

1300 

0.8 

0.8 

Note  2 

1.1 

1.3 

1.5 

1.9 

B 

850 

2.7 

2.8 

2.8 

3.5 

7.1 

5.9 

8.7 

6.4 

1300 

0.5 

0.6 

0.6 

Note  2 

1.8 

1.3 

1.1 

1.1 

0.9 

B 

850 

2.7 

2.7 

2.8 

3.2 

7.6 

5.9 

8.6 

7.7 

3.9 

1300 

0.5 

0.6 

0.6 

Note  2 

1.9 

1.4 

0.9 

0.9 

0.7 

C 

850 

3.0 

3.4 

3.7 

4.2 

25.0 

25.0 

32.2 

8.9 

9.1 

1300 

0.6 

0.9 

1.2 

Note  2 

15.2 

17.3 

3.4 

1.7 

1.5 

C 

850 

3.0 

3.4 

3.7 

3.9 

25.0 

24.0 

37.3 

12.5 

9.1 

1300 

0.6 

0.9 

1.2 

Note  2 

15.6 

16.2 

3.2 

1.6 

1.5 

Note  1;  No  end  was  available  for  test  at  this  step. 

Note  2:  Because  of  interface  problem,  1300  nm  measurements  were  not  made  at  post  jacket. 
Note  3:  Post  jacket/post  cure/24-hour  measurements  were  made  using  a  wavelength  of  820  nm. 
Note  4:  No  vdues  or  conclusions  were  included  from  Supplier  D  (single-mode  measurements.) 
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For  dual  window,  multimode  fibers  assembled  in  a  cable 
jacketed  with  cross-linked,  electron-beam  curing  material. 
Vendor  B’s  product  was  the  only  one  that  successfully  dem¬ 
onstrated  satisfactory  results. 

Cable  Design 

By  organizing  the  cabling  process  to  limit  the  number  of 
operations,  the  likelihood  of  a  mishandled  fiber  is  reduced. 
Processes  are  in  place  to  eliminate  strain  on  an  optical  fiber 
during  cabling.  Once  contained  in  a  completed  cable,  the  cable 
construction  ideally  absorbs  all  stresses  applied  to  the  cable 
without  affecting  the  fiber.  This  process  is  followed  for  all  fiber 
optic  cables  to  ensure  a  strain-free  fiber. 


NAVSEA  6710781  allows  for  several  cable  constructions,  but 
a  4-fiber  multimode  OFCC  cable  construction  was  the  first 
utilized  (NAVSEA  6710782  Cable,  Fiber  Optic,  Multimode, 
4-Fiber),  as  shown  in  Figure  2.  NAVSEA  6710782  uses  indi¬ 
vidual  optical  fibers  (62.S/12S)  that  are  built-up  with  a  color- 
coded  buffer  to  900  micrometers  in  diameter.  Aramid  yam  is 
then  pulled  in  over  the  buffered  fiber,  and  then  jacketed  to 
form  the  OFCC,  as  shown  in  Figure  3.  The  OFCCs  are  cabled 
along  with  strength  members  and  waterblocking  tapes  prior  to 
jacketing  for  overall  protection,  as  shown  in  Figure  4.  It  is  this 
finished  cable  that  is  exposed  to  cross-linking.  After  cross- 
linking,  the  total  change  in  cable  attenuation  is  specified  not  to 
exceed  1  dB/km,  at  an  operating  wavelength  of  1300  nm, 
measured  against  received  optical  fiber  values. 


Fig.  2  Cross-section  of  four-  fiber  multimode  cable 
Test  Requirements 

The  following  is  a  sample  of  some  of  the  more  rigorous 
environmental  and  mechanical  tests  performed  on  fiber  optic 
cables  built  to  NAVSEA  6710781. 

Fluid  Immersion 

In  a  shipboard  environment,  it  is  not  uncommon  for  cables  to 
come  in  contact  with  high-temperature  fluids  such  as  lubri¬ 
cants.  When  cables  are  exposed  to  high-temperature  fluids,  it 
is  important  that  they  continue  to  perform  their  intended 
function.  The  requirement  in  NAVSEA  6710782  specifies  a 
test  for  a  cable  jacket’s  ability  to  withstand  24  hours  of 
exposure  to  common  shipboard  solvents  at  elevated  tempera- 


Fig.  3  Cross-section  of  optical  fiber  cable  component 


Fig.  4  NAVSEA  6710782  cable 
tures  without  degrading  the  tensile  strength  and  elongation  of 
the  jacket  by  more  than  SO  percent.  The  fluids  and  test 
temperatures  are  those  recommended  by  the  National  Electri¬ 
cal  Manufacturers  Association  (NEMA).  The  test  tempera¬ 
tures  can  also  be  found  in  MIL-C-24640,  MIL-C-24643,  and 
NAVSEA  drawing  6323050. 

Cable  Abrasion  Resistance 

There  are  two  cable  abrasion  resistance  test  requirements: 
scraping  abrasion  and  cable-to-cable  abrasion.  These  two  tests 
are  considered  very  important,  since  a  tom  cable  jacket  during 
installation  would  require  either  the  cable  to  be  repaired  or  a 
new  cable  to  be  installed. 

The  first  test  is  a  scraping  abrasion  resistance  check.  A  cable 
can  be  exposed  to  many  sharp  edges  during  installation. 
Therefore,  a  cable  jacket’s  ability  to  withstand  repeated  scrap¬ 
ing  without  exposing  the  core  components  must  be  verified. 
The  same  test  requirement  is  specified  in  Mil-C-17F.  The 
cable  jacket  has  to  withstand  a  minimum  of  750  scraping 
cycles.  The  second  test  is  a  cable-to-cable  abrasion  resistance 
check.  This  tests  the  cable’s  ability  to  be  installed  in  crowded 
cableways  where  the  cable-to-cable  abrasion  is  along  the 
cable’s  length.  The  cable  jackets  must  withstand  a  minimum 
500  cycles  of  scraping  abrasion  without  exposing  any  cable 
core  components. 
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This  requirement  invokes  a  test  to  verify  the  cable’s  ability  to 
be  deployed  at  a  reduced  temperature  of  —54  'C  and  still 
operate.  Since  these  cables  can  withstand  extremely  low  tem¬ 
peratures  and  still  perform  their  intended  function,  they  are 
recommended  for  topside  use.  In  fact,  cables  built  to  this 
specification  are  the  only  Navy  fiber  optic  cables  that  meet  the 
Range  1  temperature  extremes  per  MIL-E- 16400.  A  specimen 
is  considered  to  have  failed  this  test  if  the  jacket  reveals  any 
surface  damage,  e.g.,  splitting  or  cracking,  or  if  any  of  the 
optical  fibers  show  more  than  0.5  dB  change  in  attenuation. 


Halogen  Content 


In  commercial  fiber  optic  cables,  halogens  (most  commonly 
fluorine  and  chlorine)  are  used  in  jacket  materials  as  flame 
retardants.  However,  when  burned,  they  create  a  dark,  toxic 
smoke.  During  the  Falkland  Islands  War,  HMS  Sheffield  was 
hit  with  a  missile.  The  resultant  smoke  and  fire  was  responsi¬ 
ble  for  many  of  the  deaths  of  the  crew  members,  which  could 
be  attributed  to  halogens  contained  in  the  PVC  jacketed 
cables.  This  led  to  the  British  and  U.S.  Navy  requirements  of 
zero/low  halogen  jacketed  cables.  A  specimen  from  the 
NAVSEA  6710782  is  considered  to  have  failed  this  test  when 
there  is  more  than  0.2  percent  halogen  found  by  weight. 
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tion  to  this  program.  Also,  thanks  to  Mr.  Bill  Wood  and  Mr. 
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tion  and  development  of  this  program. 
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Conclusion 

The  initial  program  goals  were  achieved.  The  same  rugged 
shipboard  hardened  jacketing  system  that  has  proved  success¬ 
ful  for  Navy  shipboard  copper  cable  has  been  successfully 
applied  to  fiber  optic  cables.  The  test  performed  on  fiber  optic 
cables  built  to  NAVSEA  6710782  ensures  that  the  cross- 
linking  process  provides  little  to  no  degradation  of  cable 
optical  characteristics.  With  the  stringent  test  requirements 
and  tight  process  control  invoked  at  Brand  Rex  Company,  the 
AEGIS  Program  can  be  assured  of  a  quality  product.  Now  a 
fiber  optic  cable  has  been  designed,  manufactured,  and  tested 
which  meets  or  exceeds  the  currently  used  copper  specifica¬ 
tions  and  is  eminently  suited  to  shipboard  applications. 
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Low-Smoke,  Low-Toxicity  Electrical  Cable  on  AEGIS 
Cruisers. 

3.  “Development  and  Application  of  Low-Smoke,  Flame 
Retardant  Flexible  RF  Cable,”  Anthony  R.  Fedor,  Inter¬ 
national  Wire  and  Cable  Symposium,  1989. 

4.  “Advanced  Fiber  Optic  Cable  Design  for  Shipboard 
Applications,”  Giovanni  Tomasi,  MFOC  ’88-West,  1988. 

5.  “Irradiation  of  Fiber  Optics  in  the  SCC  Tunnel,”  C.  E. 
Dickey,  Document  SSCL-261,  March  1990. 
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Summary 

The  requirements  for  cabling  in  UK  Royal 
Navy  (RN)  Warships  in  the  immediate  future  are 
being  made  increasingly  stringent  as  greater 
knowledge  and  experience  is  gained  and  cable 
technology  advances.  To  achieve  current  goals 
some  fundamental  rethinking  of  construction 
techniques  or  installation  practices  seem 
inevitable  and  this  combined  with  decreasing 
demands  is  placing  considerable  strain  on  the 
development  process.  A  review  of  the  history 
of  the  current  situation  is  combined  with  an 
analysis  of  the  future  trends  and  movements  in 
technology  to  indicate  how  future  requirements 
may  be  achieved. 


Developments  in  Copper  Cabling 
Background 

In  the  last  20  years  there  have  been  in 
excess  of  2000  shipboard  fires ,  of  which  some 
10%  were  significant  and  all  of  which  were 
accidents  not  directly  caused  by  cable 
equipment.  Whatever  the  cause,  the  effect  upon 
the  cable  equipment  adjacent  to  the  fire 
material  has  been  consistent,  extensive  burning 
of  insulation  materials,  loss  of  continuity  as 
well  as  smoke  and  chemical  emission  damage.  In 
many  Instances  the  consequential  damage  to 
electrical  equipment  was  greater  than  that 
directly  attributable  to  the  fire.  While  the 
Immediate  loss  of  life  as  a  result  of  these 
incidents  was  fortunately  not  very  great, 
probably  as  a  result  of  good  fortune  and  well 
trained  crew  members ,  the  loss  of  ships  either 
completely  or  from  an  operational  pool  could 
have  had  disastrous  consequences.  Therefore 
the  political  will,  and  hence  some  financial 
provision,  was  placed  firmly  behind  a  program 
of  work  to  remove  the  perceived  problem. 

Environment  for  Development 

Before  addressing  the  developments  and 
attempting  to  look  into  the  future  it  is  worth 
explaining  some  of  the  constraints  which  are 
Imposed  by  RN  Ship  Construction  Techniques  as 
far  as  one  is  able  within  this  forum.  While 
some  of  these  may  be  common  to  other  activities 
and  nations  there  are  one  or  two  which  have 
limited  the  extent  of  permissable  change. 


Compatibility.  R  N  Ships  have  a  design  life 
of  25  years  or  greater  and  therefore  a  decision 
has  to  be  made  whether  or  not  changes  to  cable 
equipments  are  to  be  applied  retrospectively.  A 
policy  decision  to  employ  new  material  where 
possible  at  refit  opportunities  within  the  normal 
constraints  of  cost  and  timescale  lead  to  a 
compatibility  constraint.  New  items  have  to  be 
compatible  with  old. 

Size  and  Weight.  The  constant  demand  to 
reduce  space  and  limit  the  top-weight  effects  of 
ships  cabling  was  a  constraint  which  is  easily 
achieved  using  modern  materials . 

Cable  Installation  Techniques.  This  was  a 
constraint  which  was  initially  overlooked  with 
some  expensive  results.  Ship  "electricians"  have 
for  years  been  a  highly  skilled  team  of  workmen 
who  have  developed  their  own  methods  of 
installing  cable  equipments  within  fairly  broad 
prescribed  methodologies. 

Cable  Joining  Techniques.  The  preferred  and 
authorised  way  of  jointing  and  terminating  cables 
on  RN  Ships  is  by  the  use  of  crimping  backed  up 
with  insulation  and  cable  sheath  repair  by  taping 
or  sleeving.  New  cables  had  to  allow  this  well 
established  technique  to  be  continued. 

Glanding  Techniques.  The  use  of  various 
glandlng  techniques ,  pre-formed  bulkhead 
penetrators,  multi-transit  glands,  etc,  was  well 
established  and  viable  alternatives  were  not 
available.  Therefore  new  cables  and  materials 
had  to  be  compatible  with  these  items. 

Cable  and  Wire  Development 

Existing  Technology.  Prior  to  1982  all 
cables  fitted  to  RN  Warships  were  constructed 
using  PVC,  EPR,  CSP,  Silicon  Rubber  and  similar 
cable  materials.  These  cables  were  designed  for 
use  in  conjunction  with  particular  glanding 
processes  but  many  were  variants  of  cranmercial 
design.  They  were  purchased  against 
specifications  which  were  produced  in  collusion 
with  the  British  Cable  Industry.  These  documents 
spelt  out  in  great  detail  the  methods  of 
construction  required,  the  material 
specifications  to  be  used  in  the  make-up  of  the 
cables  and  the  tests  to  be  applied  during 
production  and  on  the  final  product.  Director 
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General  SJips  (DGS)  Specifications  211  ,  212  , 

213  1  214  ).  A  few  of  the  products,  because  of 
their  unusual  nature  and  the  lack  of  a  commercial 
application,  required  the  manufacturer  to  undergo 
qualification  approval.  However,  outside  of 
these  few  specials,  because  of  the  detailed 
nature  of  the  specifications  any  manufacturer 
could  supply  cables  to  these  specifications  and 
in  all  cases  the  end  products  would  be  extremely 
similar.  As  a  result,  installers  would  be 
familiar  with  the  cable,  wherever  it  was 
manufactured,  and  all  ancillary  equipment  could 
be  developed  to  meet  the  common  product  standard. 

Motivation.  While  the  resultant  cable 
equipment  was  generally  satisfactory,  despite  one 
or  two  isolated  problems,  in  the  latter  part  of 
the  1970s  there  was  some  pressure  to  improve  the 
make-up  of  these  old  cables  to  reduce  the  effect 
of  fire  on  the  materials  used.  However, 
obtaining  funds  to  make  the  potential  step  change 
required  was  difficult.  At  that  time  the  noxious 
and  corrosive  properties  of  the  smoke  from 
burning  PVC  insulated  cables  and  the  dense  smoke 
from  other  traditional  materials  had  been 
experienced  on  a  number  of  occasions. 

As  a  result  of  the  Falklands  Campaign,  there 
was  even  greater  experience  of  the  problem,  and 
because  of  the  high  profile  of  the  effects, 
considerable  political  will,  and  some  finance, 
went  behind  the  drive  to  reduce  the  toxic  and 
smoke  emissions  from  cables  exposed  to  fire  and 
high  temperatures. 

Development.  The  work  which  had  been 
ticking  over  for  years  came  into  prominence  and  a 
programme  of  development  was  established  in 
conjunction  with  British  Cable  Manufacturers  to 
write  specifications  for  Low  Fire  Hazard  Cables 
and  to  search  for  suitable  materials  to  meet 
these  specifications.  However,  at  that  time  an 
important  philosophical  change  was  made  in  the 
style  of  the  specifications.  Because  they  would 
no  longer  be  based  on  established  commercial 
practice,  it  was  no  longer  possible  to  define  in 
precise  detail  the  make-up  of  the  various 
products . 

Therefore ,  it  was  agreed  that  performance 
specifications  would  be  written  which  would  allow 
each  manufacturer  to  choose  suitable  techniques 
and  materials  within  some  overall  constraints. 
However,  it  would  also  be  necessary  for  any 
manufacturer  to  prove  that  his  product  met  the 
relevant  specifications  and  thus  earn  a 
certificate  of  qualification  approval. 

Specification  Development 

At  this  time  the  definition  of  these  new 
cables  was  altered  to  be  Limited  fire  Hazard 
Cables  (LPH)  which  enabled  a  progressive 
improvement  to  be  established  without  semantic 
problems.  The  initial  specifications  were 
written  to  cover  four  main  areas: 

-  the  sheath  material , 

-  conductor  insulation. 


-  small  cables  with  thin-wall  insulation  and 

-  larger  cables  where  the  thickness  of  the 
insulation  was  not  a  significant  factor. 

The  actual  specifications  for  these  aspects 
are  respectively: 

-  NES  518^  to  cover  the  Sheath  Material, 
this  has  successfully  been  converted  into 
Def-Stan  61-12  Part  31®' 

-  Def-Stan  61-12  Part  18^  for  the  insulated 
conductors  and  equipment  wires, 

-  NES  525®  for  cables  having  thin-wall 
insulation  and  up  to  2.5mm  ^csa  conductors, 

-  NES  526®  for  cables  over  2.5  mm^  csa 
conductors  and  normal  insulation. 

These  specifications  are  of  two  types,  as 
shown,  the  Naval  Engineering  Standard  (NES)  and 
the  tri-service  Defence  Standard  (Def-Stan). 

There  is  a  general  policy  that  the  former  should 
whenever  possible  develop  into  the  latter,  but  to 
amalgamate  without  losing  essential  individual 
requirements  is  not  easy.  Standardisation  people 
by  definition  are  unwilling  to  accept  that  ships 
are  different  from  aircraft  and  tanks.  (It  is 
significant  that  the  ultimate  development  route 
leads  through  British  Standards  (BS)  to  European 
Standards  and  hence  to  International  Standards. 
This  will  take  many  years  to  achieve ) . 

The  noteworthy  aspects  of  the  standards  for 
sheath  material  and  conductor  insulation  are 
contained  in  the  actual  limiting  requirements  for 
the  materials  and  the  test  methods  to  be  applied 
to  ensure  that  the  requirements  are  met.  The 
most  significant  of  these  are  summarised  in 
Tables  1  and  2.  (Where  tests  to  a  British 
Standard  (BS)  are  quoted  the  NES  will  contain 
much  more  detail  of  the  test  parameters  to  be 
used) . 

Table  1  shows  the  relevant  test  figures  for 
NES  518  ^  which  also  apply  to  Def-Stan  61-12  Part 
31®. 

Table  2  shows  test  figures  applicable  to 
equipment  wires  to  Def-Stan  12  Part  18^ .  This  is 
a  tri-service  document  and  requires  careful 
application  to  determine  what  is  acceptable  for 
naval  use ,  eg  the  document  allows  the  use  of 
either  single  strand  or  multiple  strand 
conductors  whereas  for  Navy  use  only  multiple 
strands  are  now  permissible. 

Note  that  the  nature  of  these  standards  does 
not  allow  a  direct  comparison  between  them.  They 
are,  however,  equally  stringent  and  based  upon 
the  common  LFH  philosophy. 
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TEST  LIMITS  TEST 

PARAMETER  METHOD 

Tensile  8  H/m*  Test  on  dumb- 

Strength  alninun  bell 

Elongation  at  200  %  Test  on  dunb- 

break  miniaun  bell 

Elongation  at  120  %  Test  on  duab- 

j  yield _  miniaua  bell 

!  Tear  5  K/m  Test  on  duab- 

resistance  ainiaua  bell 

Theraal  40,000  hrs  BS  5691^® 

endurance  at  85  °C 

Accelerated  Agreed  each  BS  6469^^ 

ageing  tiae 

Critical  29  ainiaua  RES  714^^ 

Qaygen  index 

Teaperature  250  °C  NES  715^^ 

Index  ainiaua 

Toxicity  Index  5  aaxiaua  NES  712'^ 

Halogen  Negative  for  Lassaigne 

content  all  halogens  test 

SaoKe  Index  20  naxlaua  NES  711^® 

Resistance  to  Tensile  28  days  soak 

fluids  strength  60%  in  fuel  oil. 

Elongation  hydraulic 

at  break  60%  fluid, 

Voluae  Swell  lubricating 

10-50%  oil  and  water 

dependant  on  at  various 

_ fluid. _  teaperatures 

Ozone  resist.  No  cracks  BS  6469 

Cold  20%  ainiaua  BS  6469 

elongation  elongation 

Heat  Shock  No  cracks  BS  6469 

Hot  Set  Test  Max  el.  175%  BS  6469. 

Max  pera.  200  °C, 

_ el.  25% _  0.2  N/aa’ 

Insulation  0.1  HQ  Ka 

Resistance 


■■rgfgyffi  ijillti  mi  i,g— I 


TABLE  1 


TEST 

PARAMETER 

LIMITS 

i 

1 

TEST 

METHOD 

Theraal 

Endurance 

40,000  hrs 
at  85  °C 

BS  5691 

Dry  Spark  test 

Pass 

BS  G230*^  5  kv 
or  8  kv 

High  Voltage 
laaersion  test 

Pass 

BS  G230  at 

2.5  kv 

Insulation 

resistance. 

0.1  MQ 
ainiaua 

BS  G230  Hood's 
Metal 

Surface 

Resistance 

BS  G230 

Dielectric 

Constant 

>  4  at  1  KHz 

BS  G230 

Dry  Spark  Test 

Pass  at  1  KV 

BS  G230 

Critical 

Oxygen  index 

29  ainiaua 

NES  714 

Teaperature  | 

Index 

250  "C 
minimum 

NES  715 

Toxicity  Index 

0.2  aax  for 
la  of  size 

22  wire  (was 
1.5) 

NES  713 

Hydrochloric 
Acid  Gas 
Concentration 

10  ca^  / 
aetre 

NES  713 

Saoke  Index 

12  aax  for 
la  of  wire 

NES  711 

Resistance  to 
fluids 

2.5  KV  test 
after  7  days 
Pass. 

7  days  soak  in 
fuel  oil, 
hydraulic 
fluid, 
lubricating 
oil  and  water 
at  various 
teaperatures. 

Resistance  to 
solder  heat 

Max  1  aa 

retraction 

Stripped  end 
iaaersed  in 
aolten  solder. 

Flaaaability 

Test 

Pass 

1 

BS  G230  5  or 

12  seconds  in 
flaae 

TABLE  2 
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Cable  Development 

The  physical  cable  development  was 
influenced  by  two  overriding  factors.  These  were 
the  ability  of  manufacturers  to  meet  the 
requirements  and  agree  the  test  limits  and 
methods  and  the  potential  cost  of  the  resultant 
product. 

Test  Limits  and  Methods.  While  many  of  the 
elements  are  common  to  standard  cable  standards, 
great  debate  and  argument  centred  upon  the  fire 
hazard  characteristics  of  the  specified 
materials.  Flammability,  toxicity  index,  smoke 
index,  oxygen  index,  temperature  index, 
mechanical  strength  and  resistance  to  fluids  are 
the  particular  areas  where  difficulties  and 
compromises  have  had  to  be  made.  In  addition  to 
the  actual  stated  figures  there  has  been 
continuous  debate  about  which  test  methods  should 
be  used  within  the  specification.  The  current 
end  result  has  been  as  a  result  of  compromise  and 
one  or  two  "executive  decisions". 

Cost.  While  it  has  been  accepted  that  the 
required  gains  were  unlikely  to  be  achieved 
without  significant  per  unit  length  cost 
penalties,  some  limit  had  to  be  applied.  The 
original  figure  dreamed  up  was  "less  than  50? 
Increase  in  cost"  and  this  has  now  been  achieved. 

Many  of  the  parameters  were  not  easily 
reached.  The  requirement  for  zero  halogen  sheath 
material  in  conjunction  with  all  of  the  other 
limiting  requirements  was  a  particular  example. 
However,  because  the  standards  were  so  new  they 
could  be  developed  in  parallel  with  various 
involved  manufacturers  development  exercises. 

The  process  was  double  edged  from  the 
manufacturers  point  of  view.  Whilst  those 
involved  initially  were  having  to  commit 
themselves  to  a  certain  element  of  "private 
venture"  work,  they  were  able  to  influence  the 
standards  to  whatever  their  materials  seemed  able 
to  achieve . 

Current  Position 

The  actual  make  up  of  each  manufacturers 
material  is  a  closely  guarded  secret  and 
therefore  any  company  not  involved  at  the  outset 
and  later  wishing  to  seek  approval  has  the 
disadvantage  that  the  specifications  will  now 
never  be  relaxed.  Just  the  opposite,  there  are 
constant  moves  to  tighten  the  requirements, 
especially  with  regard  to  toxicity  and  smoke 
generation. 

From  the  users  point  of  view  we  are  now  in 
the  situation  where  the  specifications  are  good, 
but  further  tightening  is  not  out  of  order.  We 
have  a  good  system  for  approving  manufacturers  to 
the  various  standards.  We  are  aligning  more  and 
more  with  National  and  International 
Specifications  where  this  means  no  reduction  in 
our  standards.  But  our  requirements  in  terms  of 
quantity  for  shipboard  cables  are  diminishing  and 
therefore  fewer  manufacturers  are  capable  of,  or 


interested  in  manufacturing  cables  or  becoming 
qualification  approved. 

Therefore  our  only  hope  is  that  more  and 
more  commercial  bodies  (and  military 
organisations)  recognise  the  validity  and  worth 
of  using  cables  to  our  standards  in  hazardous 
environments.  This  added  demand  will  encourage  a 
larger  manufacturing  base  and  hence  maintain  both 
the  availability  of  the  cables  and  a  competitive 
market. 

It  is  worth  noting  perhaps  that  in 
comparison  to  the  Naval  Cable  specifications  used 
throughout  countries  of  the  NATO  alliance  the  UK 
specifications  are  better  defined  and 
considerably  more  stringent  thus  leading  to 
superior  performance  cables. 

Aspects  Overlooked  and  Lessons  Learnt 

One  important  aspect  which  was  overlooked 
initially  was  the  effect  that  the  dramatic 
changes  in  materials  would  have  on  the 
installation  process.  The  initial  change 
required  training  of  operatives  in  new  techniques 
especially  because  of  the  increased  strength  and 
rigidity  of  the  insulation  and  sheath.  This  was 
overlooked  on  the  initial  introduction  with  some 
disastrous  results. 

The  second  ap’-ect  which  was  overlooked  was 
the  difference  between  cables  from  different 
manufacturers  as  a  direct  result  of  using 
performance  specifications.  While  the 
"important"  parameters  were  defined  those  factors 
which  are  of  greatest  consequence  to  the 
installer,  familiarity  and  feel,  could  not  be 
defined.  Therefore,  Installers  were  occasionally 
caught  unawares  by  the  differences  between 
nationally  identical  cables  from  different 
manufacturers.  This  problem  still  exists  but  is 
lessened  by  awareness  and  experience  by  the 
installers . 

Further  Developments 

Harsh  Environments.  Having  covered  the  bulk 
of  the  cable  requirements  with  the  developments 
to  date  the  next  stage  was  to  produce  cables  for 
use  in  the  exceptionally  intolerant  environmental 
conditions  found  in  particular  areas.  Generally 
in  the  past  such  cables  have  been  Silicon  Rubber 
Insulated  and  Low  Smoke  CSP  sheathed  giving  them 
a  thermal  endurance  of  40,000  hours  at  95  C 
conductor  temperature.  To  raise  these  to  modern 
standards  a  new  standard  NES  52?'^  was  prepared 
for  Silicon  Insulated  cables  with  a  LFH  sheath  to 
Def-Stan  61-12  Part  31.  This  was  relatively 
painless  but  only  one  company  is  so  far  approved 
to  this  standard. 

The  Final  Step.  However,  everything  which 
has  gone  so  far  has  only  been  the  practice  heats 
in  the  race  to  the  ultimate  requirement,  a  fire 
survival  cable  which  can  be  used  in  all  circum¬ 
stances.  The  standard  for  such  cables  (NES  528’® 
is  now  in  draft  form  and  the  significant 
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requirements  are  as  follows 

Sheath  material:  LFH  type  with  toxicity 
index  less  than  5  >  fire 
survival  at  750°C  for 
3  hours  (1100  C  for 
20  mins),  zero  halogen, 
fluid  resistant  as 
previously  defined. 

Insulation:  To  meet  LFH  and  fire 

survival  requirements. 

Cable:  Resistance  to  fire  test  as 

specified  in  BS  6387^  . 
Fire,  spray  drench  and 
mechanical  shock  followed 
by  electrical  tests 
combined  to  assess  fire 
survivability. 

This  is  seen  as  the  ultimate  development  in 
cable  technology  for  the  UK  Royal  Navy  and  should 
provide  the  materials  for  the  fleets  of  the  next 
century.  If  it  is  as  successful  as  hoped,  and 
can  be  satisfactorily  developed  and  manufactured 
there  is  likely  to  be  a  special  form  produced 
which  will  also  survive  ionising  radiation.  This 
later  variant,  however,  will  have  a  very  limited 
and  specialised  usage  which  may  either  make  it 
impossibly  expensive  because  of  low  usage  or  not 
a  practical  proposition  for  any  cable 
manufacturer.  The  Navy  may  rule  the  waves  but 
these  days  it  has  to  be  accepted  that  it  has  very 
little  influence  on  cable  manufacturers  when 
times  are  hard  and  demand  is  low.  Additionally, 
such  extreme  requirements  require  careful 
justification  from  both  engineering  and 
operational  viewpoints. 

Potential  Contenders.  Of  course  there  are 
cables  in  existence  which  might  come  close  to 
meeting  some  or  even  most  of  these  requirements. 
Mineral  Insulated  cables  are  a  strong  contender 
but  they  would  introduce  a  considerable  weight 
penalty  if  used  throughout  a  ship  and  also  pose 
conductor  size  constraints.  However,  their  use, 
with  stainless  steel  jackets,  is  well  established 
for  particular  applications.  There  are  also  a 
number  of  established  materials  which  could  be 
used  in  a  cable  to  meet  the  requirements.  It  is 
hoped  that  combining  these  will  provide  the 
required  result  thus  eliminating  the  need  for  any 
new  material  development.  It  is  just  a  pity  that 
halogen  free  PTFE  is  not  possible! 

Alternative  Solution.  Just  in  case  none  of 
these  product  developments  come  to  fruition  there 
is  also  a  continuous  review  of  ships  wiring 
requirements  and  methods  to  see  if  any  new 
radical  approaches  are  possible.  To  date  very 
little  progress  has  been  made  in  these  respects. 
The  UK  RN  now  places  the  design  responsibility 
for  new  ships  with  Industry  and  this  is  by  nature 
very  conservative.  The  timescale  from  concept  to 
order  and  build  is  also  very  long  so  any  new 
techniques  will  not  be  used  for  many  years. 


Standardisation  of  Fibre  Optic  Cabling 

For  signal  wiring,  fibre  optics  is  a  strong 
contender.  Previously  this  was  only  being 
considered  for  use  in  particular  projects  and 
consequently  there  was  some  proliferation  in 
types  and  sizes  and  little  standardisation.  The 
production  of  a  standard  NES  IOO9'®  has  brought 
this  situation  under  control  and  allowed  the 
greater  potential  and  quality  use  of  FO  for 
ships  cabling.  This  standard  has  also  ensured 
that  the  sheath  of  FO  cable  is  thick  enough  to 
allow  easy  handling  and  installation  as  well  as 
being  made  of  true  LFH  material  in  accordance 
with  the  standard  for  cable  sheaths.  However, 
progress  is  still  restrained  by  the  need  for 
find  suitable  compatible  methods  of  install¬ 
ation,  glanding,  redundancy,  repair  and 
terminations . 

The  first  step  that  must  be  made  is  to 
increase  the  potential  survivability  of  FO 
cables  which  is,  in  theory,  considerably  less 
than  copper  equivalents.  This  increase  can  be 
assisted  by  multiple  redundancy  but  the  limiting 
factor  is  likely  to  be  the  skill  level  and 
complexity  of  repair  of  a  fibre  vis-a-vis  a 
copper  cable.  The  fastest  method  of  repair  is 
possibly  complete  replacement ,  but  this  is  made 
more  difficult  when  the  cables  pass  through 
glanding  systems.  Therefore  some  line  repair 
facility  will  be  required  and  assessing  and 
developing  the  ability  to  do  this  in  real 
shipboard  conditions  is  likely  to  take 
considerable  time  and  effort. 

All  fibre  optic  cable  will  be  of  the  tight 
buffered,  tight  tube,  silica  cored  type.  The 
use  of  blown  fibre  technology  has  been 
considered  and  is  currently  being  assessed,  but 
the  problem  with  glanding  and  watertight 
integrity  are  as  yet  unsolved. 

Glanding  of  FO  cabling  is  another  area 
where  there  is  no  obvious  solution.  Watertight 
and  pressure  tight  bulkhead  and  hull  hlands  will 
be  required  and  as  yet  little  experience  of 
successful  design  for  RN  use  is  apparent. 

Jointing  and  installation  will  remain  an 
area  where  high  levels  of  quality  assurance  will 
be  required  as  well  as  cleaner  and  better 
defined  conditions  for  carrying  out  the  work. 

None  of  these  aspects  are  impossible  but 
until  more  shipboard  fibres  are  installed  the 
experience  available  to  solve  the  problems  will 
remain  limited  and  unsure.  The  option  remains 
that  FO  ship  cabling  could  be  installed  with  the 
associated  system  installation  Instead  of  in 
readiness  for  the  Installation.  This  will  limit 
the  number  and  extent  of  joints  and  should  not 
be  any  more  difficult  to  achieve  than  many  other 
equipments.  It  is  however,  a  complete  change  in 
philosophy  and  may  require  some  radical 
rethinking  of  some  of  the  ship  design  features. 
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Underwater  Cabling  Developments 

The  processes  used  for  underwater  cables , 
glandlng  and  connections  have  for  a  long  time 
followed  a  different  development  path  to  inboard 
equipments.  Clearly  cable  equipments  completely 
and  permanently  submerged  do  not  need  to  be  Fire 
survival  or  even  LFH  and  therefore  Polyethylene 
has  formed  the  primary  material  for  such  work. 
This  has  the  advantage  that  it  is  easily  mounded 
and  sealed  and  resistant  to  sea  water.  Its 
mechanical  strength,  certainly  against  abrasion 
and  sharp  edges  has  its  detractors  but  these 
factors  can  be  overcome  in  the  design  of  the 
installation. 

The  off-shore  oil  industry  uses  both  poly¬ 
ethylene  and  the  much  tougher  polyurethane 
cables  but  our  experience  has  precluded  the 
latter.  While  much  of  the  design  work  for  these 
systems  is  well  established,  jointing,  repair 
and  installation  techniques  still  need  some 
development  if  only  to  reduce  the  size  and  space 
requirements.  There  is  also  a  constant  search 
for  new  ways  of  passing  connections,  and  this 
Includes  Fibre  Optics,  through  watertight  and 
pressure  tight  interfaces  with  the  sea.  With 
the  limited  resources  now  available  it  seems 
probable  that  developments  in  commercial  sub-sea 
components  will  form  the  basis  for  the  next 
generation  of  equipment. 

Conclusion 

Demand  for  improved  environmental  factors 
on  ships  has  played  a  major  role  in  raising  the 
standards  of  cable  equipment  used  throughout  the 
Navy.  As  a  result,  the  UK  MOD  has  specified  and 
hence  driven  the  development  of  new  cable  types 
in  advance  of  most  other  organisations. 

However,  these  changes  have  caused  problems  in 
the  traditionally  based  ship  construction 
industry  which,  with  the  benefit  of  hindsight, 
could  have  been  prevented  by  publicity  and 
training.  These  shortcomings  are  now  understood 
and  for  the  next  generation,  these  basic 
requirements  will  be  met. 

If  the  new  developments  are  to  be 
commercially  viable  it  is  important  that  as  many 
users  as  possible  understand,  and  where 
necessary,  utilise  the  quoted  new 
specifications,  or  their  International 
derivatives,  for  installations  requiring  Limited 
Fire  Hazard  or  Flexible  Fire  Survival  cables. 

Our  primary  purpose  must  be  to  encourage  greater 
general  usage  of  these  types  of  cables  and 
consequently  encourage  more  manufacturers  to 
seek  qualification  approval  against  the  various 
standards.  This  will  result  in  a  safer 
environment  for  many  people,  not  Just  in  the 
armed  services,  at  a  competitive  and  acceptable 
price . 

(C)  British  Crown  Copyright  1992/MOD 
Published  and  Reproduced  with  the  permission  of 
the  Controller  of  Her  Britannic  Majesty's 
Stationary  Office, 
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ABSTRACT 

As  part  of  tlie  implementation  of  the  Canada- United  States  Free- 
Trade  Agreement,  the  electrical  codes  in  the  United  States  and 
Canada  have  been  harmonized  with  regard  to  fire  resistance 
requirements  and  marking  of  communications  cables.  A  cable 
substitution  hierarchy  has  been  introduced  into  the  Canadian 
Electrical  Code.  The  (U.  S.)  National  Electrical  Code  has  a  new 
cable  marking  to  indicate  cables  that  have  passed  the  Canadian 
FT-4  vertical  tray  fire  test. 


INTRODUCTION 

The  Canada-United  States  Free-Trade  Agreement'"  stipulates 
that  the  United  States  and  Canada  shall  not  maintain  or  introduce 
statHlards  which  create  unnecessary  obstacles  to  trade  between 
the  countries.  It  states  (Chapter  6): 

"The  two  governments  will  endeavour  to  make  their 
respective  standards- related  measures  more  compatible  to 
reduce  the  obstacles  to  trade  and  the  costs  of  exporting  which 
arise  from  having  to  meet  different  standards." 

In  order  to  implement  the  Free-Trade  Agreement  as  it  relates  to 
trade  in  electrical  equipment  (including  cables),  the  National  Fite 
Protection  Association,  which  issues  the  National  Electrical 
Code*,'^'  (NEQ  and  the  Canadian  Standards  Association, 
which  issues  the  Canadian  Electrical  Code'^'  (CEQ,  formed  the 
Binational  Correlating  Committee  on  Electrical  Codes.  The  co- 
chairmen  of  the  committee  ate  Richard  Bietmann,  who  is 
chairman  of  the  NEC  Correlating  Corrunittee,  and  Roy  Hicks, 
who  is  chairman  of  the  Committee  on  the  CEC. 

The  Binational  Correlating  Committee  is  working  to  identify 
parts  of  the  two  electrical  codes  which  are  hiirdrance  to  free 
trade.  The  first  area  identified  for  action  was  requirements  for 
communications  and  optical  fiber  cables.  In  order  to  prepare 
proposals  for  changing  the  two  codes  a  working  group  was 
needed.  The  Insulated  Cable  Engineers  Association  (ICEA) 
already  had  a  working  group  which  was  attempting  to  harmonize 
the  Underwriters  Laboratories  and  Canadian  Standards 
Association  standards  for  communications  cables.  However,  the 
prospects  for  harmonizing  the  UL  and  CSA  standards  was 
limited  by  differences  mandated  by  the  differences  in  the  two 
electrical  codes.  Hence,  the  scope  of  the  working  group  was 
expanded  to  propose  changes  in  the  codes,  and  membership  of 
the  working  group,  originally  composed  of  caWe  manufacturers 
exclusively,  was  expanded  to  include  members  of  Panel  16  of  the 
NEC  Committee  and  Subcommittee  60  of  the  CEC.  Panel  16 
and  Subcommittee  60  ate  responsible  for  communications  wiring 
regulations  in  the  NEC  and  CEC  respectively. 


While  the  Canadian  Electrical  Code  is  revised  continuously,  the 
National  Electrical  Code  is  revised  every  three  years.  The 
deadline  for  proposals  for  the  1993  NEC  was  November  9, 1990. 
The  working  group  prepared  its  proposals  and  the  Binational 
Correlating  Committee  submitted  them  for  the  1993  NEC. 
Proposals  for  the  CEC  were  submitted  in  late  1990.  All  of  these 
proposals  were  accepted  and  incorporated  into  the  1993  NEC  and 
the  1994  CEC.  The  differences  between  the  1990  NEC  and  1990 
CEC  requirements  are  primarily  in  fire  resistance  requirements. 
Hence,  this  paper  will  begin  by  reviewing  the  fire  resistance 
requirements  for  communications  and  optical  fiber  cables  in  the 
1990  NEC  and  1990  CEC. 

NEC  FIRE  RATINGS: 

The  1990  NEC  fire  rating  hierarchy''’’'**'®**"  for  communications 
cable  is  illustrated  in  Figure  1.  At  the  bottom  of  the  hierarchy 
ate  cables  with  a  low  level  of  fire  resistance  and  deemed  suitable 
for  use  in  very  limited  applications,  primarily  in  one-  and  two- 
family  residences.  These  cables  ate  labeled  CMX.  Next  on  the 
hierarchy  ate  general  purpose  building  cables  which  may  be  used 
anywhere  in  a  building  except  in  a  riser  shall  or  on  a  plenum. 
These  cables  are  labeled  CM  and  may  substimte  for  CMX  caUe. 
Riser  cables,  labeled  CMR,  are  suitable  for  use  in  risers  and  may 
substitute  for  CM  and  CMX  cables.  At  the  top  of  the  hierarchy 
are  plenum  cables;  they  are  marked  CMP  and  may  substitute  for 
CMR,  CM  and  CMX  cables.  A  typical  application  for  a  plenum 
cable  is  within  a  hung  ceiling  area  used  for  air  handling. 


PLENUM  CABLE  "P" 


RISER  CABLE  "R" 


GENERAL  PURPOSE  CABLE 


LIMITED  USE  CABLE  "X" 

Figure  1 .  1 990  NEC  Fire  Rating  Hierarchy 
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APPLICATION 


CABLE  MARKING 


FIRE  TEST 


Plenum 

Riser 

General  Purpose 


MPP,  CMP,  OFNP,  OFCP 
MPR,  CMa  OFNR,  OFCR 
MP.  CM.  OFN,  OFC 


UL-910 

UL-1666 

UL-ISei/IEEE  383 
orFT-4 


Residential 


CMX 


VW-1 


Figured  1990  NEC  Fire  Hierarchy, 

Cable  Markings  and  Fire  Tests 


UL-910/FT-6  Plenum  Test 

UL-1666  Riser  Test 

FT-4  Canadian  Vertical  Tray  Test 

UL-1 581  /IEEE  383  U.S.  Vertical  Tray  Test 

UL  VW-1  Vertical  Wire  Test 

FT-1  Canadian  Vertical  Wire  Test 


Figure  2  shows  the  1990  NEC  hierarchy  with  the  associated  fire 
tests  for  each  rating  and  the  required  markings  for  multipurpose 
cables  (MP),  communications  cables  (Of),  nonconductive 
optical  fiber  cables  (OFN)  and  conductive  optical  fiber  cables 
(OF(r).  As  we  move  up  in  fire  resistance  ratings,  the  severity  of 
the  associated  fire  test  increases.  The  VW-1  test’*'  for  CMX 
cable  is  a  low-energy  Bunsen  burner  type  test.  The  vertical  tray 
test  and  for  CM  cables  has  two  versions,  the  U.  S.  version 
contained  in  IEEE  standard  383'”'""  or  UL  standard  1581,"" 
and  the  Canadian  version,''”''*'  widely  known  as  FT-4  test 
Recognizing  that  the  FT-4  test  is  more  severe  than  the  U.  S. 
vertical  tray  test  is  an  important  fact  to  be  utilized  when  the  U.  S. 
and  Canadian  hierarchies  are  interweaved.  The  riser 
test'"""”"*'  for  CMR  cable  is  a  large  scale  vertical  test  which 
simulates  cables  in  a  riser  shaft.  At  the  top  of  the  hierarchy,  the 
plenum  test'"*"'*"'’'  is  the  most  severe  fire  test;  unlike  any  of 
the  other  tests,  plenum  cables  have  a  requirement  for  low  smoke 
emissions. 

CEC  FIRE  RATINGS 

The  1990  CEC  fire  rating  hierarchy  is  shown  in  Figure  3.  Cables 
used  in  combustible  buildings  are  required  to  pass  the  FT-1 
test,''*'  and  be  marked  FT-1.  The  FT-1  test  is  a  Bunsen  burner 
type  test  similar  to  the  VW-1  test  but  somewhat  less  severe. 
Cables  used  in  noncombustible  buildings  must  pass  the  Canadian 
vertical  tray  test  and  be  marked  FT-4.  Under  the  CEC,  these 
cables  may  be  used  anywhere  in  a  noncombustible  building, 
including  risers  and  plenums.  In  some  provinces  cables  used  in 
plenums  are  required  to  pass  the  same  set  of  requirements  as 
plenum  cables  in  the  U.  S.  and  be  marked  FT-6.  Canada  has  no 
formal  substimtion  hierarchy;  informally,  caWes  labeled  FT-6  are 
permitted  to  substitute  for  cables  labeled  FT-4  and  FT-1,  and 
cables  labeled  FT-4  are  permitted  to  substitute  for  cables  labeled 
FT-1. 


Figure  4.  Combined  Hierarchy  of 

Canadian  and  U.S.  Fire  Tests 

HARMONIZATION  OF  NEC  AND  CEC  HRE  RATINGS 

The  working  group  agreed  that  the  UL  1666  fire  test  for  riser 
cables  was  more  severe  than  the  FT-4  vertical  tray  test  and  the 
FT-4  vertical  tray  test  was  more  severe  than  the  U.  S.  vertical 
test.  It  also  agreed  that  the  VW-1  test  was  more  severe  than  the 
FT-1  test  Consequently,  the  rank  ordering  of  U.  S.  and 
Canadian  fire  tests  as  shown  in  Figure  4  was  agreed  upon. 

Having  recognized  that  the  Canadian  vertical  tray  test  (FT-4)  is 
more  severe  than  the  U.  S.  vertical  tray  test  (UL  1S81/IEEE 
383),  it  was  proposed  that  the  general  purpose  listing  category  be 
divided  into  two  subcategories  with  different  markings.  General 
purpose  communication  cables  that  passed  the  more  stringent 
Canadian  FT-4  test  would  be  marked  CMC,  and  be  suitable  for 
use  in  noncombustible  buildings  in  Canada,  whereas  those  that 
only  passed  the  U.  S.  vertical  tray  test  would  continue  to  be 
marked  CM  and  would  be  suitable  for  use  in  combustible 
buildings  only  in  Canada. 

The  new  fire  resistance  hierarchy  for  the  1993  NEC  is  shown  in 
Figure  5.  The  only  change  from  the  1990  NEC  is  to  split  the 
general  purpose  category. 

The  new  fire  resistance  hierarchy  for  Canada  is  shown  in  Figure 
6.  There  are  several  major  changes.  First,  a  substitution 
hierarchy  based  on  the  hierarchy  of  fire  tests  has  been 
established.  Second,  cable  markings  are  changed;  cables 
previously  marked  FT-6  will  be  marked  with  the  suffix  ”P"  for 
plenum,  e.g.  CMP;  cables  previously  marked  FT-4  will  be 
marked  with  the  suffix  "G"  for  general  purpose,  e.g.  CMG; 
cables  previously  marked  FT-1  will  be  marked  with  the  suffix 
"H"  for  house,  e.g.  CMH.  Third,  recognizing  that  cables  rated 
CMX  pass  a  somewhat  more  severe  test  than  cables  rated  CMH, 
CM>'  cables  will  be  permitted  to  substitute  for  CMH  cables. 


APPUCATION 

CABLE  MARKING 

FIRE  TEST 

APPLICATION 

CABLE  MARKING 

Plenum 

MPP,  CMP.  OFNP,  OFCP 

UL-910 

Plenums  (in  some  provinces) 

FT-6 

Riser 

MPR,  CMa  OFNR,  OFCR 

UL-1666 

Noncombustible  Buildings 

FT-4 

General  Purpose 

MPG,  CMG,  OFNG,  OFCG 

FT-4 

FT-1 

General  Purpose 

MP,  CM,  OFN.  OFC 

UL-1 581 /IEEE  383 

Combustible  Buildings 

WV-1 

Residential 

CMX 
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1993  NEC  Fire  Hierarchy, 
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APPLICATION 

CABLE  MARKING 

FIRE  TEST 

General  Purpose* 
Noncor^bustible  Buildings 
and  Plenums  (in  some 
provinces) 

MPP,  CMP,  OFNP,  OFCP 

UL-910/FT-6 

General  Purpose- 
Noncombustible  6uiklir>gs 

MPR,  CMR,  OFNR,  OFCR 

UL-t666 

General  Purpose- 
NOTKombustible  Buildings 

MPG,  CMG,  OFNG,  OFCG 

FT-4 

Combustible  BuHdings 

MP,  CM,  OFN,  OFC 

UL-1581/IEEE  383 

Combustible  Buildings 

CMX 

VW-1 

Combustible  Buildings 

CMH,  OFNH,  OFCH 

FT-1 

Figure  6.  1 994  CEC  Fire  Hierarchy, 
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US.  CANADIAN 


MPP,  CMP,  OFNP,  OFCP  MPP.  CMP,  OFNP.  OFCP 

MPR,  CMR,  OFNR,  OFCR  MPR,  CMR,  OFNR,  OFCR 

MPG,  CMC,  OFNG,  OFCG  MPG,  CMG,  OFNG,  OFCG 

MP,  CM,  OFN,  OFC  MP.  CM,  OFN,  OFC 

CMX  CMX 

CMH,  OFNH,  OFCH 

Figure  7.  Cable  Markings  for  the 

1993  NEC  and  1994  CEC 

SUMMARY 

Figure  7  shows  the  cable  markings  for  the  1993  NEC  and  1994 
CEC  for  communications  cables  (CM),  multipurpose  cables 
(MP),  nonconductive  optical  fiber  cables  (OFN)  and  conductive 
optical  fiber  cables  (OFC).  These  markings  harmonize  cable 
markings  for  communications  cables  in  the  U.  S.  and  Canada. 
With  the  exception  of  cables  marked  with  the  suffix  "H”,  all 
markings  will  be  identical. 

The  new  cable  substitution  charts  for  the  1993  National 
Electrical  Code  are  shown  in  Figures  8  and  9. 

FUTURE  CHANGES 

Having  just  published  the  1993  National  Electrical  Code  in 
September  of  1992,  it’s  time  to  ask  "What’s  next?"  (The 
deadline  for  proposals  for  the  1996  National  Electrical  Code  is 
November  5,  1993.)  Proposals  for  Code  changes  often  arise 
from  an  effort  to  improve  the  Code  and  make  it  more  user 
friendly.  One  way  to  decide  what  parts  need  improvement  is  to 
determine  which  parts  generate  many  requests  for  interpretation 
by  the  staff  of  the  National  Fire  Protection  Association. 

The  cable  substitution  chart.  Figure  8,  generated  many  requests 
for  interpretation  even  before  the  addition  of  MPG  and  CMG 
cables.  There  are  several  possibilities  for  simplification. 
Contrast  the  substitution  chart  for  metallic  cables  (Figure  8)  with 
the  chart  for  optical  fiber  cables.  One  difference  that  is 
immediately  obvious  is  that  there  are  only  three  levels  of  fire 
resistaiKe  in  the  substitution  hierarchy  for  optical  fiber  cables 
whereas  there  are  four  levels  for  the  metallic  cables,  except  for 
fire  alarm  cables.  One  simplification  is  to  eliminate  "X"  rated 
cables. 


Another  complication  is  the  conditional  substitution  of 
communications  cables  for  fire  alarm  cables.  Multiconductor 
communications  cables  that  meet  the  stranding  and  gauge 
requirements  for  fire  alarm  use  in  sections  760-5 1(a)  and  (b)  may 
be  used  in  place  of  fire  alarm  cable,  and  may  also  be  listed  as 
multipurpose  cables.  An  electrical  inspector  cannot  readily 
determine  if  a  communications  cable  is  suitable  for  use  with  fire 
alarm  circuits.  Enforcement  of  the  Code  would  be  simplified  if 
only  multipurpose  cables  were  permitted  to  substitute  for  fire 
alarm  cables.  A  further  opportunity  for  simplification  is  to 
eliminate  fire  alarm  cables  and  require  the  use  of  multipurpose 
cables  for  fire  alarm  circuits. 

If  these  changes  were  adopted,  i.e.,  elimination  of  "X”  rated 
cables  and  fire  alarm  cables,  and  requiring  the  use  of 
multipurpose  cables  for  fire  alann  applications,  then  the 
simplified  cable  substitution  chart  shown  in  Figure  10  would 
ensue. 
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PLENUM 


RISER 


GENERAL 

PURPOSE 


Type  CM  -  CommimicalionsWirOT  and  Cables  [a[- -fa]  cable  a 

Types  CL2  andCLS  —  Class  2  and  Class  3  Ramole-ContrDl,  shall  be  PERumeo 

Signaling  and  Power-Unliad  Cables  to  be  used  in 
TypeMP  -  MuKpuipasa  Cables  BtAceoECAaiEB 

TypePLTC  -  Power-Limited  Tray  Cable 


Figure  10.  Simplified  Cable  Substitution  Chart 
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ABSTRACT 

A  cable  has  been  developed 
specifically  for  unrepeatered  submarine 
telecommunication  systems.  The  design 
process  has  been  previously  reported  at 
the  1990  IWCS  ref(l).  For  connection  of 
cable  section  lengths  and  system  repair 
a  joint  has  been  developed  based  on  the 
proven  STC  repeatered  cable  jointing 
technology.  Prototype  and  gualif Ication 
cables  and  joints  have  been  manufactured 
and  their  performance  verified  by  an 
extensive  test  programme.  Land  based 
testing  has  been  used  to  determine  the 
performance  envelope  and  prove  that  the 
in  service  performance  limits  can  be 
achieved.  A  beach  ploughing  trial  and 
sea  trials  have  demonstrated  that  cable 
systems  can  be  deployed  and  recovered 
using  both  conventional  cable  ships  and 
converted  flat  back  type  vessels.  This 
paper  details  the  cable  design,  testing 
methodology  and  the  results  of  the 
comprehensive  programme  of  gualif ication 
testing.  The  test  programme  has  proved 
that  the  cable  and  joints  developed  meet 
the  required  performance  criteria  for 
unrepeatered  systems. 

INTRODDCTION 

The  recent  advances  in  low  loss 
fibres,  high  power  stable  laser  sources 
and  very  sensitive  detectors  at  1550  nm 
have  made  it  possible  for  systems  to 
operate  over  distances  greater  than  300 
km  without  using  underwater  amplifiers. 
This  has  enabled  many  routes  that 
previously  could  only  have  only  linked 
with  a  repeatered  system  to  be  traversed 
by  a  single  unrepeatered  cable  span.  The 
cables  traditionally  used  for 
unrepeatered  links  have  been  designed 
for  long  haul  transoceanic  repeatered 
systems.  They  have  a  very  high  cable 
strength,  high  hydrostatic  pressure 
resistance  and  the  ability  to  conduct 
high  voltage  electrical  power  to  the 
submerged  regenerators.  These  design 
features  are  not  germane  to  unrepeatered 
systems  and  a  more  economical  cable  has, 
therefore,  been  developed  for  this 
application. 


PERFORMANCE  REODIREMENTS 

The  fibres  need  to  be  adequately 
protected  from  the  tensile  and 
compressive  forces  experienced  during 
laying  and  recovery  operations.  Fibre 
survival  probability  also  needs  to  be 
guaranteed  over  the  system  lifetime  of 
25  years.  Damage  to  the  fibre  by  tensile 
elongation  during  deployment  can  be 
prevented  by  a  high  cable  tensile 
strength  and  optimum  selection  of  the 
fibre  proof  strain.  Residual  strain 
after  deployment  is  also  reduced  by  a 
high  tensile  strength.  This  reduces  the 
probability  of  fibre  failure  by  static 
fatigue. 

Low  fibre  loss  is  essential  for 
long  distances  to  be  spanned, 
particularly  in  coastal  festoons  where 
total  cost  can  be  reduced  considerably 
through  a  reduction  in  the  number  of 
land  based  terminal  stations.  Low  fibre 
loss  has  to  be  maintained  during  laying 
and  recovery  operations,  and  throughout 
the  system  lifetime.  In  addition  to  high 
tensile  strength,  preventing  excessive 
elongation,  a  pressure  tube  must  isolate 
the  fibres  from  the  hydrostatic  pressure 
on  the  sea  bed. 

Hydrogen  gas,  causes  an  Increase  in 
attenuation  when  in  contact  with  optical 
fibres,  ref (2).  It  can  be  generated 
within  the  cable  structure,  or 
externally,  as  a  by-product  of  metallic 
corrosion,  organic  degradation  or 
magneto  hydrodynamic  effects.  The 
polymeric  materials  may  also  outgas 
dissolved  hydrogen  or  produce  it  by 
degradation.  The  fibres  must,  therefore, 
be  protected  by  a  suitable  hydrogen 
barrier  such  as  a  welded  metal  tube.  A 
copper  tube  0.4  mm  thick  will  reduce  any 
loss  increment  from  external  hydrogen  to 
less  than  0.0003  dB/Km  ref  (1).  None  of 
the  materials  within  the  tube  must 
significantly  outgas  hydrogen. 

The  only  electrical  requirement  for 
unrepeatered  cable  is  for  the  conduction 
of  a  low  power  25  Hz  toning  signal  for 
fault  location  if  the  cable  becomes 
damaged  in  service. 
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The  core  must  be  insulated  from  sea 
water  with  an  outer  sheath  that  will 
also  provide  protection  from  abrasion, 
impact,  tearing  and  stripping  forces.  A 
high  rigidity  material  will  increase  the 
cable's  torsional  stiffness  reducing  the 
amount  of  twist  under  tension  caused  by 
strand  generated  torque. 

In  water  depths  of  less  than  1  km 
there  is  a  risk  of  cable  damage  by 
external  hazards  such  as  fishing,  ships' 
anchors  or  rocks.  This  can  be 
significantly  reduced  by  cable  burial  to 
depths  greater  than  0 . 5  metres  into  the 
sea  bed.  The  cable  then  lies  below  the 
sea  bed  volume  disturbed  by  the  majority 
of  hazards.  Cable  with  a  density  of  2.2 
to  2.5  kg/m3,  higher  than  that  of  sea 
bed  materials,  will  remain  buried.  High 
density  surface  laid  cables  will,  in  the 
majority  of  circumstances,  self  bury 
reducing  the  risk  from  external  hazard 
damage.  A  higher  density  cable  also  has 
a  greater  stability  to  sea  bed  currents 
and  therefore  has  a  reduced  risk  from 
abrasion.  Where  the  cable  cannot  be 
buried  and  there  is  a  significant  risk 
of  damage,  additional  armour  protection 
is  required  to  increase  the  cable's 
density  and  strength. 

The  cost  of  transportation  of  the 
cable  from  the  factory  to  the  point  of 
installation  can  be  minimised  by  loading 
it  on  drums  or  in  containers  and  sending 
it  by  conventional  freight  transport. 
The  cables  must  therefore  have  a  low 
diameter  to  maximise  the  length  capable 
of  being  carried  in  each  load. 

The  cable  must  have  good  handling 
properties  when  used  with  standard  cable 
laying  equipment  on  either  conventional 
or  non  conventional  cable  laying 
vessels.  This  will  give  the  system 
provider  the  freedom  to  select  the  most 
appropriate  installation  and  maintenance 
solution  for  each  particular  project. 


The  fibre  package  is  encased  in  a 
fully  closed  C  section  mild  steel 
pressure  tube.  The  interstitial  gap 
between  the  package  and  the  inside  of 
the  tube  is  filled  with  a  high  viscosity 
waterblocking  compound  to  prevent  water 
penetration  if  the  cable  becomes 
damaged.  The  internal  diameter  of  the 
tube  and  all  the  materials  within  it  are 
the  same  as  used  in  the  proven 
repeatered  cable  design.  The  fibres  are 
therefore  in  exactly  the  same 
environment  as  in  the  repeatered  cable 
producing  a  similarly  low  loss  and  high 
reliability  construction. 


Around  the  pressure  tube  is  a 
unilayer  of  high  tensile  steel  strand 
that  provides  the  majority  of  the  cable 
strength  and  is  sufficient  to  maintain  a 
cable  strain  on  deployment  or  recovery 
below  0.5%  to  the  maximum  design  water 
depth  of  4  km.  The  strand  lay  length  is 
optimised  to  minimise  twist  under 
tension  but  maintain  cable  flexibility. 
The  interstices  between  the  strand  wires 
are  fully  water  blocked  to  prevent  axial 
water  penetration  if  the  cable  becomes 
damaged . 


DE81GW  DESCRIPTION 

Figure  1  shows  a  telescopic  view  of 
the  core  cable  design.  The  fibres  are 
equally  spaced  around  a  high  tensile 
steel  kingwire  at  the  centre  of  the 
cable  and  are  embedded  in  elastomer  to 
form  a  fibre  package.  This  maintains  a 
low  optical  loss  by  holding  the  fibres 
firmly  and  reliably  in  position.  The 
package  construction  has  been  used  with 
great  success  in  many  thousands  of 
kilometres  of  STC  repeatered  optical 
cable  systems  now  in  service  and  there 
is  no  measurable  loss  difference  between 
the  fibre  bought  in  and  manufactured 
cable  other  than  for  splices. 


A  welded  copper  tube  is  formed 
tightly  around  the  strand  to  act  as  a 
hydrogen  barrier  by  preventing  any 
external  hydrogen  from  diffusing  into 
the  fibres,  thus  causing  an  increase  in 
loss.  All  the  materials  within  the 
hydrogen  barrier  have  an  insignificant 
hydrogen  outgassing  potential.  This  will 
ensure  that  there  is  a  minimal  loss 
increment  due  to  hydrogen  over  the  25 
year  system  lifetime.  The  copper  tube  is 
formed  tightly  to  hold  the  strand  for 
effective  tensile  load  transfer  when  the 
cable  is  gripped.  The  tube  increases  the 
torsional  stiffness  of  the  cable, 
reducing  the  cable  twist  generated  under 
tension.  It  also  conducts  a  25  Hz  toning 
signal  used  for  fault  location. 
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The  copper  cladding  is  insulated 
from  the  sea  water  by  a  layer  of  high 
density  polyethylene.  This  insulates  the 
cable  electrically  from  the  sea  for 
conduction  of  a  toning  signal.  It  also 
provides  protection  from  handling 
damage . 

The  risk  of  damage  in  service  is 
dependent  on  factors  such  as  water 
depth,  sea  bed  condition  and  marine 
activity.  Three  cables  have  therefore 
been  developed  with  different  levels  of 
protection  to  suit  the  environment  into 
which  they  are  to  be  deployed.  For  any 
application  the  most  cost  effective 
solution  that  will  reduce  the  risk  of 
cable  damage  can  be  chosen. 

For  burial  in  shallow  water  and 
surface  laying  at  depths  where  the  risk 
from  damage  is  low  a  steel  tape 
protected  (STP)  cable  has  been 
developed.  An  overlapped  corrugated 
steel  tape  and  a  high  density 
polyethylene  sheath  are  wrapped  around 
the  core  cable.  The  tape  is  corrugated 
to  provide  an  effective  barrier  against 
impact  and  abrasion  whilst  maintaining 
cable  flexibility  for  ease  of  handling. 

In  shallow  water  where  there  are 
medium  hazards  from  for  example  small 
fishing  vessels  a  C65,  3.2mm,  single 
wire  armoured  (SWA)  cable  has  been 
developed.  These  wires  will  provide 
adequate  impact  and  tensile  strength 
that  will  protect  the  cable  core  from 
fairly  severe  impact  and  abrasion.  The 
additional  weight  of  the  armour  wires 
increases  the  cable  density.  This 
improves  the  self  burial  properties  and 
makes  it  more  stable  in  the  sea  bed 
currents  reducing  abrasion  damage. 

Where  the  risk  from  hazards  such  as 
fishing  activity  is  much  higher  an  A65, 
7.6mm,  heavy  wire  armoured  (HWA)  cable 
has  been  developed.  This  has  a  much  more 
substantial  layer  of  armour  wires  that 
significantly  increase  the  impact 
resistance,  density,  stability  and  self 
burial  properties. 

The  basic  characteristics  of  the 
cable  range  are:- 


STP 

SWA 

HWA 

Outside  Dia. 

17.5 

27.7 

36.3 

nun 

Minimum  UTS 

43 

120 

275 

KN 

Min.  bend  rad. 

0.5 

0.5 

0.75 

m 

Wt  in  water 

2.45 

9.81 

25.2 

kN/km 

JOIWT  DESIGN 

The  unrepeatered  cable  joint  design  for 
the  range  of  cables  available  adopts 
many  of  the  jointing  features  of  the 
proven  repeatered  submarine  cable  joint. 
The  only  significant  deviation  is  a  move 
away  from  the  traditional  injection 
moulded  polyethylene  joint  insulation  to 
a  heatshrink  joint  encapsulation 
approach . 

Prototype  and  qualification  samples  of 
all  cable  types  with  the  corresponding 
joints  have  now  been  manufactured  and  a 
rigorous  test  programme  undertaken  to 
verify  product  performance. 

ODALIFICATION  OF  THE  PRODDCT 

The  philosophy  towards  product 
qualification  of  submarine  cable  systems 
has  been  proven  on  numerous  cable  and 
joint  designs  from  analogue  to  the 
present  iteration  of  the  fibre  optic 
design.  Three  basic  stages  are  involved 
which  together  form  the  platform  for 
high  system  reliability  and  installation 
confidence.  The  three  stages  are; 

Prototype  manufacture  and  test 
Qualification  manufacture  and 
test 

Sea  trial  verification 

Stages  1  and  2  involve  a  comprehensive 
series  of  land  based  tests  designed  to 
explore  the  extremes  of  anticipated 
cable  system  storage,  handling, 
transportation,  deployment,  recovery, 
repair  and  in  service  conditions.  The 
tests  also  explore  the  ultimate 
performance  limits  of  the  cable  system. 

Optical  monitoring  at  the  system 
wavelength  of  I550nm  is  the  key 
performance  parameter  of  the  majority  of 
tests.  Optical  loss  changes  of  less  than 
or  equal  to  0.05dB  per  fibre  path  are 
permitted. 

Prototype  Stage 

This  stage  is  used  to  verify  that  the 
chosen  design  of  cable  and  joint  meet 
the  performance  requirements  of  the 
qualification  tests.  On  successful 
completion  of  these  tests  the  design 
will  be  finalised  and  full  system 
qualification  undertaken. 

For  the  new  unrepeatered  cable  design  20 
prototype  test  samples  were  manufactured 
in  both  steel  tape  protected  and  single 
wire  armoured  cable.  Although  not 
reported  here  all  testing  was 
successfully  completed. 
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Qualification  stage 


2 . 0  Shipboard 


Following  the  completion  of  the  cable 
and  joint  design  from  stage  l,  stage  2 
involved  the  manufacture  under  full 
production  conditions  of  40  samples. 

Each  test  was  completed  on  an  STP  or  SWA 
cable  sample  and  (*)  denotes  where  the 
appropriate  joint  has  also  been  tested. 
The  qualification  testing  performed 
falls  into  three  categories: 

1.0  Handling  and  storage 


TEST 

PURPOSE 

To  simulate  worst 
case  cable  bend 
radii  during  factory 
handling. 

1.4  Static  Crush 

To  simulate  worst 
case  cable  crush 
during  storage. 

1.5  Impact 

Resistance 

To  simulate  objects 
falling  onto  the 
cable  (maximum 
impact  energy  20 
Joules) 

1.6  Bump  and 
vibration 
(Joint  only) 

To  simulate  joint 
handling  and 
movement . 

1.7  Temperature 
Cycling  (*) 
(See  Fig. 2) 

To  Explore  extreme 
storage  conditions 
-40°C  to  -FSO'C. 

Temperature  Cycling  Test 


TEST 

PURPOSE 

2.1  Linear  Cable 
Engine 
(L.C.E.) (*) 

To  demonstrate  the 
dynamic  and  static 
operation  at  maximum 
depth  and  recovery 
tensions  of  L.C.E. . 

2.2  Torsion  (*) 

To  Simulate  the 
worst  case  twist 
generated  in  a  cable 
tank 

(1  turn/5  metres). 

2.3  Snatch  Test 
(Joint  Only) 

To  simulate  the 
snatch  loading  of  a 
joint  coming  out  of 
a  cable  tank. 

2.4  Round  the 
sheave  (RTS) 

2  metre 
diameter 
(Joint  Only) 

To  simulate  the 
worst  case  recovery 
tensions  over  the 
bow  sheave 
(STP  31kN,  SWA 

90kN) . 

2.5  Fatigue  (*) 

To  simulate  worst 
case  tensions  when 
repairing  the  cable 
(50  hour  duration) . 

2.6  Tensile  (*) 
Figs  364 

To  simulate  extreme 
tension  conditions 
in  recovery  or 
repair. 

Tensile  Characterisation 
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Tensile  Characterisation 
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2.7  Cable 

Stopper 

To  demonstrate  that 
a  cable  stopper  can 
hold,  during  worst 
case  conditions 
(STP  31kN,  SWA  90kN) 

2.8  Grapnel 

To  simulate  recovery 
from  the  sea  bed. 

2.9  Block  End 

Seal 

To  simulate  buoying 
off,  tensile  and 

R.T.S.  performance. 

2.10  Bend/ Flex 

To  demonstrate 
handling  around  a 

1.8m  diameter  sheave 

2.11  Elongation 
/Rotation 

To  demonstrate  that 
cable  strain  gap, 
optical  signal  and 
cable  geometry  is 
acceptable  during 
three  loading  cycles 
up  to  maximum 
service  tension 

3.0  Sea  Bed 


TEST 

PURPOSE 

3 . 1  Water 
blocking 

To  demonstrate  that 
the  cable 

effectively  prevents 
water  ingress  at 
maximum  sea  bed 
pressures  for  14 
days  (STP  41MPa,SWA 
20MPa) . 

3.2  Corrosion 
(Joint  Only) 

To  demonstrate  that 
jointing  components 
withstand  a 
simulated  25  year 
life. 

(18months,  50“C) . 

3.3  Pressure 
Resistance 
See  Fig  5. 

To  demonstrate  that 
the  cable  system  can 
withstand  maximum 
sea  bed  pressure. 

Operating  pressure  tests 
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3.4  Hydrogen 
Evolution 
/Ageing 


To  demonstrate  that 
over  a  simulated  25 
years  no  material 
compatibility  issues 
exist.  Optical  loss 
associated  with  any 
hydrogen  evolution 
shall  be  within 
0.005  dB/Km. _ 


First  sea  trial 


The  first  sea  trial  took  place  in 
August  1991  using  a  conventional  cable 
ship.  A  mini  system  comprising  of  steel 
tape  protected  cables  and  three  joints 
was  deployed  and  recovered  in  a  20  metre 
water  depth.  Continuous  optical 
monitoring  was  carried  out  with  an  OTDR 
and  a  1550  nm  laser  and  detector.  The 
system  was  deployed  with  a  payout 
tension  of  1.5  tonnes  to  simulate 
deployment  to  the  maximum  design  depth 
of  4  km.  A  diver  inspection  was  then 
completed  which  showed  that  the  system 
was  lying  satisfactorily  on  the  sea  bed. 
A  bow  to  stern  transfer  was  carried  out 
and  the  system  was  recovered  at  a 
tension  of  2.5  tonnes,  representative  of 
tensions  at  the  maximum  design  depth. 

The  cable  handled  very  well 
throughout  the  trial  proving  that  it  can 
withstand  the  4  km  water  depth 
deployment  and  recovery  tensions  without 
any  degradation  in  optical  or  mechanical 
performance. 

Beach  Ploughing  trials 

Beach  ploughing  trials  were 
completed,  consisting  of  the  ploughing 
in  of  lengths  of  STP  cable  containing 
STP  joints  to  a  depth  of  0.7m.  Fibre 
loops  were  optically  monitored  for  fibre 
loss  and  strain  throughout  both  trials. 
After  plough  manoeuvring  trials  the 
cable  and  joints  were  buried  and 
subsequently  peeled  out,  the  peel-out 
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technique  simulating  the  action  of  a 
holding  grapnel.  During  the  trials  there 
were  no  optical  loss  anomalies  measured 
and  cable  strains  were  well  within 
acceptable  limits.  On  examination  the 
cable  and  joints  showed  no  sign  of 
damage,  proving  that  they  are  robust  and 
can  be  readily  handled  through  a  plough. 

Shore  end  and  ploughing  trials 

A  second  sea  trial  was  completed 
using  a  flatback  type  vessel,  specially 
converted  for  cable  laying.  A  mini 
system  of  STP  and  SWA  cables  was 
assembled  and  subjected  to  shore  end 
landing,  deployment  (including 
ploughing)  and  recovery  operations. 

The  cable  was  transported  by  air, 
sea  and  land  and  was  then  off  drummed 
into  temporary  creels  in  a  warehouse 
adjacent  to  the  quay.  It  was  then 
assembled,  tested  and  loaded  onto  the 
ship.  During  the  trial  optical 
monitoring  was  carried  out  on  four  fibre 
loops  using  a  high  stability  1550  nm 
loss  measuring  set,  an  optical  length 
measuring  set  and  two  high  resolution 
OTDR's.  The  SWA  armoured  cable  shore  end 
was  deployed  onto  a  beach.  The  plough 
was  deployed  and  ploughing  of  SWA  cable 
commenced  0.6  metres  into  the  sea  bed. 
Two  STP/SWA  transition  joints  and 
lengths  of  both  STP  and  SWA  cables  were 
ploughed  in.  At  the  end  of  the 
deployment  the  plough  was  recovered  and 
the  system  was  inspected  by  divers.  It 
was  verified  that  the  cable  was  laying 
flat  on  the  sea  bed  at  the  shore  end  and 
was  completely  buried  where  ploughing 
had  been  carried  out.  The  system  was 
then  recovered  by  peeling  out  the  cable 
at  a  speed  of  1  km/hr.  During  the  trial 
there  was  no  measurable  change  in  the 
optical  performance  of  the  cable, 
demonstrating  that  a  shore  end  can  be 
landed  and  that  both  STP  and  SWA  cables 
and  joints  can  be  ploughed  into  the  sea 
bed  successfully. 

A65  deployment  trial 

A  trial  was  conducted  on  a 
conventional  cable  ship  in  order  to 
prove  that  the  A65  cable  can  be  deployed 
and  recovered.  An  800  metre  length  of 
A65  cable  was  loaded  from  a  drum  on  the 
quayside  into  ^he  ships  main  tank.  The 
cable  was  then  deployed  in  200  metres  of 
water,  held  briefly  and  then  recovered. 
During  the  trial  the  mechanical 
performance  and  handling  of  the  cable 
were  found  to  be  satisfactory. 


FIRST  COMMERCIAL  CABLE  SYSTEMS 

The  first  commercial  system  to  use 
this  new  cable  design  is  already  under 
construction.  It  is  a  coastal  festoon  in 
the  Gulf  of  Thailand  comprising  11  links 
and  over  1100  km  of  cable.  The  system 
will  be  fully  operational  by  mid  1993. 

COHCLDSIOM 

This  paper  has  described  the  design 
of  the  range  of  cables  developed 
specifically  for  unrepeatered 

telecommunications  systems.  The  rigorous 
test  programme  involving  land  based 
testing  and  sea  trials  has  been 
described  and  the  results  have  proved 
that  the  design  principles  were  sound 
and  that  the  new  cables  will  meet  the 
performance  requirements  for 

unrepeatered  systems. 
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ABSTRACT 

Inspection  standards  for 
submarine  cable  systems  were 

established  in  1954  prior  to  the 

first  transatlantic  link  being 
installed,  to  screen  out  defects 

likely  to  cause  electrical 
breakdown.  Despite  various  small 

modifications  to  the  standard,  the 
procedure  for  evaluating  the  level 
of  voids  and  inclusions  in  the 
insulation  has  remained  the  same. 
The  work  outlined  here  provides  the 
basis  for  updating  the  inspection 
procedure  by  the  application  of 
electric  stress  analysis  (PE2D)  to 
determine  the  levels  of  stress 
caused  by  the  presence  of  defects 
within  a  polyethylene  dielectric, 
and  breakdown  statistics  for  cable 
joints  and  terminations  to  determine 
the  stress  /  time  characteristics 
likely  to  cause  HV  breakdown.  Rules 
can  be  established  to  limit  void  and 
inclusion  sizes  for  given  areas  in  a 
the  bulk  insulation. 


1.  INTRODUCTION 

Long  haul  fibre  optic  submarine 
cables  require  power  to  enable  the 
in-line  signal  regenerators  to 
function.  This  is  provided  by  a  DC 
supply  at  voltages  of  up  to  10  kV, 
The  system  is  expected  to  last  for 
25  years  in  the  sea-bed  environment. 
Confidence  in  the  system  for  these 
'imescales  can  only  be  attained  by 
high  voltage  testing  to  levels  far  in 
excess  of  service  conditions.  Low 
density  polyethylene  (LDPE)  has  been 
chosen  as  the  insulation  for  these 
systems  because  of  it's  good 
electrical  properties  as  well  as 
it's  excellent  environmental 
resistance.  Inclusions  and  voids 
need  to  be  restricted  as  far  as 
possible  to  prevent  these  defective 
areas  becoming  sites  of  excessive 


electrical  stress  and  causing 
premature  failure  in  the  system.  The 
part  of  the  system  that  is  subjected 
to  the  higher  risk  from  this  type 
of  contamination  are  joints  and 
terminations,  because  of  the  extra 
exposure  to  possible  airborne 
contaminants  during  the  moulding 
stage.  Amalgamations  resulting  from 
this  process  also  introduce  regions 
of  possible  electrical  and 
mechanical  weakness. 

The  level  of  defects  in  a  joint 
or  termination  can  be  detected  by  X- 
ray  radiography  on  the  completed 
moulding  which  is  then  assessed  by 
examining  the  photographic  plate. 
Voids  and  inclusions  up  to  0.1  mm 
can  be  detected  in  this  way.  The  X- 
ray  camera  is  rotated  around  the 
joint  and  photographs  are  taken  at 
fixed  angles  around  the  moulding. 
This  method  of  assessing  the 
integrity  of  the  moulding  has  been 
applied  to  many  thousands  of  miles 
of  cable  in  service  which  have  run 
largely  free  of  trouble  for  the 
desired  service  life.  However  the 
method  of  assessing  the 
contamination  is  becoming  further 
and  further  removed  from  the  systems 
for  which  the  standards  were 
established  -  early  analogue  systems 
powered  by  AC  supply.  This  is 
particularly  poignant,  because  of 
the  predicted  increase  in  system 
voltages  that  will  occur  as  a  result 
of  the  introduction  of  optically 
amplified  systems. 

This  work  has  enabled 
controlled  HV  (DC)  breakdowns  and 
Weibull  analysis  to  forecast  an 
electric  stress  below  which  a  joint 
is  unlikely  to  breakdown  (powered  at 
10  kV  DC  for  a  period  of  25  years)  . 
Electric  Stress  Analysis  of  the 
effect  that  the  presence  of  various 
defect  sizes,  shapes,  and  positions 
have  on  the  computed  electric  stress 
has  enabled  a  set  of  rules  to  be 
established  and  has  ultimately 
resulted  in  a  fundamental  change  to 
the  inspection  standards. 
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2.  ELECTRICAL  BREAKDOWN  ANALYSIS 

Breakdown  data  was  obtained  for 
3  different  High  Voltage  tests 
ramp  to  breakdown  (74  mouldings 
broken  down)  ;  100  kV/  9  days  (22 

mouldings  broken  down  -  28  mouldings 
survived) ,  and  mouldings  aged  at 
service  voltages  for  long  periods  (3 
broken  down  during  first  6  months, 
the  remainder  are  still  on  test 
after  approximately  4  years) .  The  3 
sets  of  results  were  analysed  using 
Weibull  statistics. (see  Figure  1) . 


Time  to  Breakdown  (hre) 


FIGURE  1  Weibull  graphs  for  Ramp, 
lOOkV/9  day  and  breakdowns  at 
service  voltages. 

Taking  the  characteristic  breakdown 
(63%)  from  each  of  the  sets  of 
results  has  enabled  a  plot  of  log 
time  Vs  log  stress  to  be  obtained. 
Using  logio  enables  the  standard 


formula  due  to  Peek*  for  life 
prediction  to  be  employed 

tvn  =  k  . (1) 


log  t  +n  log  V  =  log  k . (2) 

where  t  =  time,  v  =  voltage,  n  and  k 
are  constants,  the  graph  having  a 
slope  of  n  (see  figure  2). 

The  results  thus  generated  did  obey 
closely  the  formula,  giving  an 
overall  value  for  n  of  6.3.  The  main 
aim  of  this  work  was  to  determine  a 
level  of  electric  stress  below 
which  breakdown  would  not  be 
predicted  to  occur.  This  data 


suggests  that  after  25  years  a 
stress  below  6  kV  mm”*-  would  survive 
at  a  constant  voltage  of  10  kV.  In 
conjunction  with  the  results  from 
the  computational  analysis  on 
uncontaminated  mouldings,  it  is  thus 
possible  to  calculate  a  stress 
enhancement  ratio  caused  by  the 
presence  of  given  defects. 

The  connection  between  factory 
based  tests  and  the  service-type 
data  ensures  that  the  results 
obtained  here  are  representative  of 
the  fibre  optic  systems  that  are 
currently  in  operation. 


Log  time  (hrs) 


FIGURE  2  Stress  vs  Time  graph  based 
on  63%  characteristic  values. 


While  it  would  be  possible  to 
adjust  the  factory  based  tests  on 
the  strength  of  this  data  -  by  using 
an  n  value  of  6.3,  further  work  is 
in  progress  to  generate  experimental 
and  controlled  breakdown  data  to 
support  this  work. 

A  number  of  other  valuable 
results  can  be  obtained  from  this 
data.  Application  of  confidence 
limits  to  the  breakdown  results  show 
that  a  secondary  distribution  can  be 
found  from  the  ramp  tests.  The 
secondary  distribution  corresponds 
to  the  mouldings  that  breakdown  at 
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the  lowest  voltages.  These  can  be 
considered  to  be  the  sub-standard 
mouldings,  and  it  is  reasonable  to 
assume  that  the  breakdowns  at 
service  voltages  belong  to  this 
category  (because  they  are  few  in 
number  end  have  occurred  at  short 
time  spans)  .  Once  the  sub-standard 
mouldings  have  been  removed,  it  is 
predicted  that  the  first  breakdown 
from  the  main  distribution  of 
mouldings  in  service  will  take  place 
well  after  the  25  year  service  life 
has  been  completed. 

While  there  is  no  absolute  way 
of  determining  the  percentage  of 
service  mouldings  in  the  secondary 
distribution,  it  can  now  be  assumed 
to  be  very  small,  as  no  breakdowns 
have  been  found  with  these  mouldings 
for  several  years.  Furthermore,  the 
incidence  of  service  failures  on 
more  recently  installed  systems  is 
now  minimal,  as  a  result  of  over¬ 
engineering  in  the  final  product. 

It  is  also  apparent  that  the 
type  of  breakdowns  that  occur  under 
low  electric  stresses  display  more 
similarities  to  the  breakdowns  that 
are  found  during  ramp  testing  than 
to  an  ageing  test.  This  would 
indicate  that  a  qualification  HV 
test  needs  a  ramp  test  element  as 
well  as  an  ageing  aspect  to  give  a 
high  level  of  confidence  in  the  fact 
that  a  system  will  not  breakdown  at 
any  time  during  the  life. 


3.  CONTROLLED  ELECTRICAL  BREAKDOWNS. 

To  establish  a  relationship 
between  breakdown  voltage  and 
theoretical  values,  it  was 

necessary  to  introduce  carefully 
controlled  defects  into  sections  of 
cable  and  carrying  out  breakdowns  on 
the  cable  samples,  and  then 
determining  the  resultant  stress 
increase.  Needles  with  0.01mm  tip 
radius  were  gently  pushed  into 
warmed  sections  of  tail-tube  (to 
minimise  the  mechanical  stresses  from 
the  introduction  of  the  needle)  .  The 
needle  penetration  depth  was 
measured  before  any  voltage  was 
applied.  DC  voltage  was  applied  at  a 
ramp  rate  of  10  kV  min“l  across  the 
insulation  until  breakdown  (or 
flashover)  occurred.  The  breakdown 
site  was  examined  using  microscopy 
to  ensure  that  the  needle 
penetration  depth  was  correct.  The 
geometry  of  the  tail  tube  and  the 
needle  penetration  depth  were 
simulated  using  a  finite  element 
package  (PE2D) ,  which  has  been 
developed  to  solve  electromagnetic 
problems.  By  changing  the 


terminology  and  parameters,  the 
package  can  be  used  to  evaluate 
electric  stress  problems^.  A 
relationship  between  the  theoretical 
electric  stress  -  at  the  tip  of  the' 
needle  was  calculated  using  the 
wall  thickness  of  the  insulant. 

A  good  correlation  between  the 
computed  stress  and  the  experimental 
breakdowns  was  found  (see  Figure  3) 


FIGURE  3  Plot  of  Actual  breakdown 
stress  Vs  computed  breakdown 
stress 


4.  ELECTRIC  STRESS  ANALYSIS. 

A  number  of  calculations  were 
carried  out  simulating  sections  of  a 
termination  with  no  contamination. 
The  computer  was  set  up  using 
axisymmetry  about  the  y-axis  in  a 
divergent  field.  1  per  unit  voltage 
was  applied  to  the  inner  conductor 
and  0  per  unit  voltage  to  the  outer 
surface.  The  stress  along  various 
lines  across  the  insulation  was 
calculated,  and  measured  as  a  per 
unit  per  millimetre  value  (pu  mm“^) . 
This  can  then  be  converted  into 
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absolute  stress  by  multiplication  of 
the  system  voltage  giving  E  in  kV  mm”^ 

The  model  was  then  applied  to 
smaller  sections  of  the  moulding  but 
with  defects  in  various  positions  in 
the  insulation.  Because  axisymmetry 
was  used  the  defect  was  modelled  as 
being  continuous  and  circular  about 
the  y-axis.  This  is  a  feasible 
modification  since  the  X-ray 
diagnostic  equipment  is  unable  to 
accurately  place  the  radial  position 
of  a  defect.  Inclusions  were  taken 
as  being  conducting  and  having  sharp 
edges  to  assume  the  worst  possible 
case  .For  modelling  purposes  a  dry  air 
void  was  assumed. 

Five  principal  variables  were 
taken: - 

a) The  size  of  the  defect, 

b) The  depth  of  the  defect  in 
the  insulation 

c) The  area  of  the  moulding 
where  the  defect  occurs. 

d) The  angle  of  the  defect  to 
the  conductor 

e) The  influence  of  another 
defect  nearby. 

Taking  the  stress  caused  by  the 
defect  and  dividing  by  the  stress 
occurring  in  the  same  position  of 
uncontaminated  insulation  enables  a 
value  for  stress  enhancement  to  be 
obtained  for  various  contaminants, 
and  quantitative  limits  for  defects 
and  sizes  can  be  set  based  on  the 
stress  enhancement.  A  summary  of  the 
stress  enhancement  caused  by  some 
important  defects  is  given  in  Figure 
4. 

The  analysis  did  not  prove  to 
be  very  sensitive  to  the  size  of 
voids,  and  it  was  necessary  to  take 
account  of  a  known  key  factor  in 
breakdowns  caused  by  voids  -  partial 
discharge  activity.  This  work  had 
been  done  previously^  and  the 
calculations  resulting  from  this 
work  were  close  to  that  previously 
established.  A  more  important  factor 
in  this  type  of  breakdown  is  the 
phenomenon  of  space  charge 
injection,  but  as  yet,  the  equipment 

to  analyse  space  charge  (Pressure 
Wave  Propagation  Technique)^  is  not 
suitably  developed  for  quantitative 
results  to  be  available,  although 
progress  is  being  made. 


Inner 

Conductor 

Tail 
Tube . 

Joint 

body. 

Stress  in 
uncontaminated 
sample  (pu/mm) 

0.48 

0.19 

Stress  in 
sample  with 

0.5  mm 

protrusion 

(pu/mm) 

1.10 

0.26 

Stress 

enhancement 

2.30 

1.31 

outer 

Conductor 

Stress  in 
undamaged 
sample  (pu/mm) 

0.25 

- 

Stress  in 
sample  with 
0.5mm  incision 
(pu/mm) 

0.83 

Stress 

enhancement 

3 .32 

- 

FIGURE  4  The  effect  of  protrusions  on 
the  inner  conductor  and  incisions  to 
the  outer  conductor  on  electric  stress 


5.  RESULTS  AKD  DISCUSSION. 

A  number  of  rules  as  to  the 
limits  on  defect  sizes,  positions, 
effect  of  two  close  contaminants 
have  become  clear,  which  had  not 
been  included  in  the  previous 
inspection  standard: 

a) Contamination  has  a  severe 
and  unacceptable  effect  on  the 
stress  on  or  near  the  inner 
conductor.  In  regions  of  relatively 
high  stress  (such  as  the  tail  tube) , 
very  strict  limits  need  to  be 
imposed  on  the  defect  size. 
Contaminants  and  surface  damage  to 
the  outer  conductor  also  cause 
equally  high  levels  of  stress 
enhancement  and  great  caution  needs 
to  be  taken  with  the  outer  surface. 
It  is  important  to  ensure  that 
incisions  on  the  outside  of  a 
moulding  do  not  have  sharp  edges, 
causing  the  outer  surface  to  be  the 
most  highly  stressed  region  of  the 
moulding.  Unlike  damage  to  the  inner 
conductor,  steps  can  be  taken  to 
reduce  the  stress  caused  by  such 
damage.  Removal  of  the  incision  to 
leave  a  tapered  smooth  profile 
results  in  a  much  reduced  level  of 
electric  stress  on  the  surface . Damage 
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should  be  seen  as  being  as  dangerous 
as  protrusions  -  protruding  in  from 
the  outer  conductor.  Figures  5  and  6 
indicate  the  stress  caused  by  a 
damage  to  the  outer  conductor  before 
and  after  the  incision  has  been 
dressed  out.  Figures  5a  and  6a  show 
the  equipotentials  and  a  flux  line 
A-B  .  Figures  5b  and  6b  represent 
the  stress  plots  along  the  flux 
line. 


0  3 


FIGURE  5a  Equipotentials  and 

flux  for  incision  on  outer 
surface  of  tail  cable. 


I 


FIGURE  5b  Stress  distribution  along 
flux  line  A-B  vs  E  (pu  mm~l) 
for  incision  on  outer  surface 
of  tail  cable. 


FIGURE  6a  Equipotentials  and 

flux  for  'dressed  out'  damage 
to  outer  surface  of  tail 
cable . 


r 

66 


FIGURE  6b  Stress  distribution  for 
'dressed  out'  damage  to  tail 
cable. 

b)  Increased  stress  occurs  in  an 
area  around  each  defect.  If  another 
defect  is  in  this  area  then  a 
synergistic  effect  exists  which 
increases  the  stress  in  both 
defects.  This  area  has  been  found  to 
be  6  X  the  length  of  the  larger  of 
the  two  defects.  The  stress  increase 
is  noticed  for  any  two  defect  types 
(e.g.  a  void  near  an  inclusion  etc.) 

c)  In  the  bulk  insulation 
relatively  large  defects  are 
acceptable  -  up  to  1.5  mm  in  some 
regions 

d)  Defects  running  perpendicular 
to  the  equipotentials  are  far  more 

deleterious  to  the  insulation  than 
defects  of  the  same  size,  but  lying 
parallel  to  the  equipotentials 
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A  number  of  other  factors  need 
to  be  considered  when  establishing 
such  a  standard  -  which  can  not  be 
modelled  in  this  way.  Analytical 
work  on  mouldings^  has  shown  that 
the  most  common  breakdown  path  occur 
through  amalgamation  zones.  This  can 
be  either  as  a  result  of  poor 
amalgamation  arising  from  irregular 
crystallisation  from  the  melt  or 
because  contamination  enters  the 
mould  and  is  swept  along  the 
amalgamation  causing  an  easy 
breakdown  path. 

A  further  key  factor  is  that 
the  method  of  X-raying  involves 
rotating  the  camera  around  the  joint 
and  taking  shots  at  fixed  angles. 
This  enables  most  defects  to  be 
detected  but  does  not  help  in 
quantifying  the  size.  If  a 
protrusion  occurs  exactly  in- 

between  two  shots  then  the  size  of 
the  protrusion  that  could  be  hidden 
by  the  cylindrical  nature  of  the 
moulding  varies  between  0.2  mm  and 
0.45  mm  -  depending  on  the  radial 
diameter  of  the  section  of  the  steel 
joint  casing  in  question.  This  gives 
further  justification  to  restrict 
the  size  of  defects  on  the  inner 
conductor . 

6.  CONCLUSIONS. 

The  use  of  electric  stress 
analysis  to  determine  the  level  of 
electric  stress  caused  by  the 
presence  of  a  given  defect  correlates 
closely  with  experimental  breakdown 
results.  This  forms  the  basis  of  a 
powerful  method  for  applying 
computational  results  to  genuine 
breakdown  data,  by  the  application  of 
Weibull  analysis.  The  method  can 
subsequently  be  applied  to  minimise 
the  breakdowns  caused  by  the  presence 
of  visible  contaminants  in  the 
moulded  regions  of  a  joint.  However, 
as  not  all  DC  breakdown  mechanisms 
are  fully  understood,  this  work  can 
only  be  seen  as  a  starting  point  for 
more  experimental  work  examining  the 
significance  of  other  phenomena 
such  as  space  charge  effects. 

The  results  of  applying  Weibull 
analysis  to  breakdown  statistics  for 
a  large  number  of  joints  under 
different  stresses  has  generated  some 
important  initial  findings  concerning 
the  levels  of  HV  testing.  It  appears 
that  the  levels  to  which  mouldings 
are  tested  to  are  generally 
excessive,  especially  in  the 
simulation  of  ageing.  However, 
considerable  experimental  work  to 
evaluate  the  effects  of  ageing  and 
ramp  testing  is  required  before  the 
accepted  practices  can  be  changed. 


Reassessment  of  the  1954 
inspection  standard  has  taken  place 
as  a  result  of  this  work  and  has 
removed  many  aspects  which  can  not  be 
justified  by  current  understanding. 
The  emphasis  has  changed  to 
protecting  the  outer  conductor  from 
damage  and  reducing  the  acceptable 
individual  defect  size  near  the  inner 
conductor  and  around  amalgamations. 

This  analysis  has  been  applied 
to  a  specific  joint/termination 
design.  If  the  design  were  to  be 
significantly  changed  it  would  have 
different  breakdown  characteristics, 
and  different  regions  of  high  stress. 
Comprehensive  breakdown  data  would  be 
needed  before  this  method  could  be 
applied  to  the  modified  joint  design. 
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ABSTRACT 

This  paper  reports  on  the  results  of  a  material  and 
process  development,  cable  trials  and  cable 
qualification  regimen  which  has  resulted  in  the 
introduction  of  a  cost  competitive  and  a  more 
environmentally  acceptable  alternate  to  coal  tar  in 
armored  cable  coating  formulations. 

Alternate  hot  melt  synthetic  amorphous  polymers  to 
replace  asphalt  as  well  as  natural  extender  oils  to 
replace  coal  tar  were  evaluated  in  this  materials 
study. 

Employing  the  guidelines  of  the  Product  Realization 
Process  two  concurrent  developments,  both  a 
materials  investigation  and  equipment-process 
change,  were  introduced  in  the  manufacture  of 
undersea  armored  cables.  These  developments 
proceeded  simultaneously  and  the  PRP  appeared  to 
accelerate  the  development  cycle. 


1.  INTRODUCTION 

Undersea  cable  system  designers  and  cable 
manufacturers  have  been  concerned  with  the  ongoing 
use  of  coal  tar  and  coal  tar  pitch  in  armored  cable 
application.  The  coal  tar  oil  is  employed  in  blends 
with  asphalt  as  a  cable  "slushing"  material  between 
armored  wire  interstices,  as  a  saturant  between 
textile  bedding  separating  armored  wires,  and  as  the 
exterior  coating  on  the  textile  serving  over  armored 
wires. 

These  cable  slushing  compounds  afford  corrosion 
protection  to  the  armor  wires  (galvanized  steel) 
surrounding  the  cable  core  by  providing  a  moisture 
imperious  coating.  Figure  1  is  a  representation  of  a 
Single  Armored  (SA)  fiber-optic  undersea 
communication  cable  highlighting  features  where 
armor  wires  and  textile  bedding  are  coated  with 
slushing  compound.  The  slushing  compound  is  also 
employed  as  the  outer  protective  coating  on  the  final 
textile  serving  covering  the  armor  wires.  Slushing 
compounds  have  been  cost  effective  and  employed 
universally  in  the  protection  of  armor  in  underwater 
power  and  communication  cables. 


Figure  I:  Armored  Fibar-Optic  Ocsan  Cabto 


It  has  been  recognized  that  prolonged  contact  with 
refined  coal  tar  oil  without  prudent  practices, 
engineering  controls  and  protective  equipment  can 
lead  to  adverse  health  effects.  It  is  to  the  cable 
industry  benefit  to  assure  the  use  of  materials  that 
are  of  the  least  possible  hazard  with  respect  to 
human  health  and  the  environment. 

An  alternate  undersea  armored  cable  coating 
compound  has  been  developed  that  is  both  cost 
competitive  and  more  environmentally  acceptable  in 
the  factory  environment  and  in  shipboard  handling 
than  the  coal  tar  compound  employed  to  precoat 
galvanized  steel  armor  wire  and  the  present  coal  tar 
asphalt  slushing  compound.  This  material  is  a  blend 
of  a  more  benign  pine  tar  oil  with  natural  asphalt. 

This  development  was  conducted  under  the  guidance 
of  the  Product  Realization  Process. 
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2.  DEVELOPMENT. PRODUCT 
REALIZATION  PROCESS  (PRP) 

PRP  manages  a  project  by  establishing  requirements 
and  milestones.  A  cross-functional  team  effort 
through  use  of  Product  Definition  Teams  (PDT)  and 
Product  Implementation  Teams  (PIT),  can  ease  entry 
to  manufacture. 

TABLE  I 

GENERAL  PROPERTIES  OF  CANDIDATE  CABLE 
SLUSHING  COMPOUND 

•  Hot  melt  material,  low  viscosity  at  application  temperature  <350‘’F. 

•  Compatible  with  meuUic  (noncorrosive)  and  plastic  components  of 
cable  structure. 

•  Anti  blocking  under  creep  load. 

•  Easily  applied  and  removed  in  factory  or  field  repair. 

•  Low  volatiles. 

•  Impervious  to  marine  exposure  (waterproof)  and  marine  organism  attack. 

•  Heat  stability  processing  and  recycle. 

•  Oxidative  and  ultraviolet  stability  of  a  coating. 

•  Comply  with  accepuble  environmental  and  occupational  use  and 
exposure  regulations. 

•  Coating  flexible  at  ambient  and  S°C. 

2.1  Product  Definition  Team  (PDT) 

A  PDT  was  assembled  with  members  of  the  undersea 
cable  design/ materials,  cable  manufacturer,  quality 
control  and  engineering  and  construction 
organizations  to  examine  options  for  replacement  of 
the  existing  coal  tar  formulation  with  a  material  that 
would  function  in  both  the  cable  manufacturing 
environment  and  shipboard  storage  and  deployment. 
The  PDT  recommended  that  replacement  of  coal  tar 
in  the  cable  manufacturing  operation  be  conducted 
within  two  concurrent  independent  developments. 
These  were:  1)  equipment  development  and  2) 
materials  development.  Based  upon  discussions 
within  the  PDT  a  list  of  the  general  (Table  I) 
requirements  for  candidate  cable  slushing  compounds 
were  developed. 

2.2  Product  Implementation  Team  (PIT) 

A  PIT  was  assembled  incorporating  members  of  the 
PDT  and  expanded  to  incorporate  additional 
personnel  from  the  cable  manufacturer  involved  in 
materials  testing  and  development  engineering.  The 
responsibility  of  the  PIT  was  to  focus  on  the  material 
of  choice  fOT  a  armor  cable  protective  coating  and 
assess  the  performance  of  trial  cables.  A  plan  of 
work  was  formatted  with  milestones  for  program 
management. 

In  the  assessment  of  trial  development  cables 
subjective  and  non  subjective  testing  was  conducted 
in  the  presence  of  design  and  material  engineers  and 
shipboard  deployment  personnel. 


3.  MATERIALS  DEVELOPMENT 

One  of  the  major  considerations  in  development  of 
the  material  requirements  (Table  I)  was  the 
perception  that  an  improvement  in  the  hardness,  i.e. 
stiffer  compound  would  result  in  diminished  creep  of 
the  outer  protective  coating  layer  under  the  weight  of 
cable  coils  in  storage.  The  concern  was  the  binding 
("blocking”)  of  the  coating  between  stacked  cable 
coils.  Another  major  consideration  in  materials 
development  was  to  assure  penetrability  of  the  cable 
slushing  compound  into  the  interstices  of  the  textile 
Outer  and  inner  rovings.  Penetrability  provides  a 
degree  of  waterproofing  and  would  diminish  contact 
of  the  marine  environment  with  the  armored  wires.  It 
is  believed  that  the  coal  tar  addition  to  the  asphalt 
provides  a  solvent  that  permits  some  degree  of 
saturation  of  the  textile  with  asphalt. 

There  were  two  material  options  available  that  the 
PDl  felt  would  reduce  the  development  cycle  for  an 
alternate  material.  These  were: 

1.  Modify  an  existing  synthetic  thermoplastic 
flooding  compound.  This  type  of  material  alone 
or  plasticized  is  employed  as  a  moisture  vapor 
barrier  and  corrosion  inhibitor  between  layers 
of  metal  and  plastic.  In  addition,  these 
materials  are  employed  as  a  water  blocking 
compound  between  insulated  conductors  in 
terrestrial  cables. 

2.  Replace  the  natural  asphalt  cable  slushing 
compound  "plasticizer’’,  coal  tar  oil.  with  a 
environmentally  and  occupationally  acceptable, 
material  that  would  be  impervious  to  marine 
exposure  and  organism  attack. 

3.1  Thermoplastic  Flooding  Compounds  As 
Cable  Slushing 

S././  Amorphous  Polyolefins 
Amorphous  polyolefins  are  tacky  synthetic 
thermoplastic  compounds  employed  as  hot  melt 
sealants.  In  mixtures  with  asphalt  they  have  been 
employed  as  a  binder  resin  for  non  woven  polyester 
for  house  roofing.  A  feasibility  study  was  conducted 
to  examine  the  properties  of  selected  candidate 
developmental  and  commercial  amorphous  polyolefins 
alone  or  in  formulations  with  asphalt  compared  to 
coal  tar-asphalt.  The  data  are  presented  for 
amorphous  polyolefins  alone  (Table  II)  and  those  in 
blends  with  asphalt  (Table  III). 


TABUn 

moreiiTY  COMPARISON  OF  AMnamous  POLYOLmNS 


Semple 

COilTir 

Atphali 

Amorphous 
Polyolefin  #1 

Amorphous 
Polyolefin  *2 

Ring  A  Btii  Softening  Point, ”C 

53 

100 

108 

Needle  Penetntion  Haidness.O.I  mn 

49 

20 

15 

ViKothy  u  150'C.  Theimoiel  qn 

234 

406 

488 
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A  property  comparison  was  made  between  candidate 
amorphous  polyolefins  (propylene  copolymers  #  I  and 
#  2)  and  coal-tar  asphalt  cable  slushing.  Table  II. 
Viscosity/ temperature  data  was  generated  comparing 
the  viscosity  behavior  of  coal-tar  asphalt  blend  with 
typical  cable  waterproofing  compounds  (amorphous 
polypropylene- 1)  and  candidate  ^  amorphous 
polyole^-2.  Figure  II.  The  amorphous  polyolefins 


Hgure  U: 

Vlsoosity  v«.  tampMatur*  for  candidaM  armor  caUt  coating  compounds 

offer  attractive  features  i.e.  synthetic  reproducible 
material,  low  odor  and  less  hazards  associated  with 
use  in  the  workplace  and  disposal,  stiffer  and  less 
tacky  then  coal  tar-asphalt  to  improve  handling  of  a 
textile  coated  cable  during  shipboard  loading  and 
deployment.  However,  based  upon  the  following 
considerations  further  work  was  discontinued; 

1.  The  amorphous  polyolefins  viscosity  were 
higher  than  desired. 

2.  Thermal  stabilizer  additives  would  be  required 
to  process  stabilize  the  amorphous  polyolefins 
during  exposure  to  240-3(X)°  F  for  lengthy 
periods  during  cable  armoring. 

3.  Questions  as  to  whether  the  inner  and  outer 
textile  yarn  coverings  would  be  saturated  with 
resin  to  provide  a  waterproof  coating. 


3.1.2  Amorphous  Polyolefins  Blended  With 
Asphalt 

From  the  data  in  Table  HI  it  is  apparent  that  the 
melt  viscosity  of  amorphous  polyolefins  blends  with 
asphalt,  as  expected,  are  notably  higher  than  coal 
tar-asphalt.  One  possible  candidate  blend,  AP-A, 
was  reformulated  with  a  hydrocarbon  extender  oil,  to 
prepare  a  material  with  a  lower  melt  viscosity,  AP- 
A-HC-1  (Table  IE).  There  was  concern  with  the 
phase  separation  of  the  oil  and  possible  sorption  by 
the  polyethylene  dielectric  with  some  compromise  in 
the  reliability  of  the  undersea  cable.  Further  work 
with  asphalt  blends  was  discontinued  based  upon  the 
same  considerations  as  enumerated  above.  Table  II, 
for  amorphous  polyolefins  alone. 

TABLE  III 

AMORPHOUS  POLYOLEHN  -  ASPHALT 
BLEND  CHARACTERIZATION 
Property  Comparison 


MATERIAL 

MELT* 

VISCOSITY 

(q») 

NEEDLE*** 
PENETRATION 
(0.1  mn) 

RING  BALL 
SOFTENING 
POINT  («F) 

AP*-A-HC-1 

3050 

19 

175 

AP-A-HC-2 

2382S 

1 

248 

AP-  A 

32750 

1 

218 

COALTAR  - ASPHALT 

875 

55 

137 

ASPHALT 

15800 

0 

198 

•  AP  *  Amoiplious  Polyolefin.  A  =  Asphali.  HC  =  Hydiocartwn  Oil 
••  determined  ai  IStPC. 

•••  deiennined  at  25°C. 


3.2  Pine  Tar  Oil-Natural  Asphalt  Cable 
Slushing  Compound 

Pine  tar  oil  is  employed  extensively  in  the  automotive 
tire  and  rubber  molding  industry  as  a  tackifier  in 
compounding.  Pine  tar  oil  is  derived  from  the 
destructive  distillation  of  pine  tar  stumps  and  bark. 
It  is  a  low  cost  material  with  a  density  of '  0.975. 

With  the  knowledge  that  natural  asphalt  is  partially 
oxidized  and  pine  tar  oil  contains  polar  constituents, 
it  was  anticipated  that  mixtures  of  these  materials 
would  be  compatible  and  a  possible  replacement 
cable  slushing  compound  blend  could  be  developed. 
Blends  of  pine  tar  oil  with  natural  asphalt  were 
prepared.  The  objective  of  this  program  was  to 
prepare  a  blend  with  the  properties  comparable  to 
coal  tar-natural  asphalt. 

The  comparative  physical  and  chemical  properties  of 
coal  tar-asphalt  and  a  candidate  pine  tar  oil  blend 
with  asphalt  are  found  in  Table  IV. 
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3.2.1  Comparative  Phvsical/Chemical  Properties 
The  data  presented  in  Table  IV  suggests  that  a 
candidate  pine  tar  oil  asphalt  blend  resulted  in  less 
weight  loss  on  heating,  and  no  significant  change  in 
the  softening  point  or  penetration  of  the  candidate 
cable  slushing  compound  compared  to  the  presently 
employed  coal  tar  mixture.  Comparable  heat  stability 
data  on  softening  point  and  penetration  is  beneficial 
in  that  it  suggests  that  the  pine  tar  blend  material 
would  store  well  during  shutdown/ turnaround  and 
extended  cable  armoring  production. 

TABLE  rv 

COMPARATIVE  PHYSICAL  PROPERTY  DATA 
COAL  TAR  -  NATURAL  ASPHALT  AND  CANDIDATE  PINE  TAR- 
NATURAL  ASPHALT  CABLE  SLUSHING  COMPOUND 


Result  1 

Property 

Test 

Coal  Tar 

Pine  Tar 

Viscosity 

190“/373“F 

123 

188 

Thenno^.cps 

150“C/302T= 

230 

438 

Heat  Stability  at  32S°F 

Softening  PL°F 

Original 

113 

122 

4hrs. 

117 

120 

24  his. 

132 

130 

Penetiation  (0.1nin) 

Ori^Dal 

90 

86 

4hfs 

76 

75 

24hrs 

40 

27.68 

Weight  loss  on  Heating,  % 

Shis.at325'F 

1.4 

0.7 

Conosion  of  Copper 

Copper  Wiie 

Ncr 

NCI* 

NCT  a  No  Apparent  Conosion  or  Tamishing 


Before  examining  the  performance  of  the  candidate 
pine  tar  oil-asphalt  blend  in  a  cable  armoring  trial  it 
was  imperative  that  the  environmental  sensitivity  be 
determined  for  pine  tar  oil  and  its  blend  with  asphalt 
compared  to  coal  tar.  In  addition,  the  undersea  cable 
polyethylene  insulation  propensity  to  environmental 
stress  crack  in  contact  with  pine  tar  as  well  as  its 
blend  with  asphalt  needed  to  be  determined. 

It  was  demonstrated  that  the  pine  tar  oil-asphalt 
blend  was  not  a  environmental  stress  crack  agent  to 
polyethylene  cable  dielectric  material.  In  addition,  it 
was  observed  in  immersion  testing  that  pine  tar  oil 
has  a  lower  affinity  for  polyethylene  than  coal  tar. 

3.3  Bacterial  .4ssay 

The  environmental  and  occupational  aspects 
associated  with  substitution  of  pine  tar  oil  for  coal 
tar  oil  were  examined  in  a  bacterial  assay  test.  Both 
literature  review"’  and  assay  testing’^’^  suggested 
that  pine  tar  oil  is  less  occupationally  sensitive  than 
coal  tar  oil  in  asphalt  formulation. 


3.4  Summary  -  Raw  Material  Development 

The  raw  material  development  work  established; 

1.  Pine  tar  oil  can  be  substituted  for  coal  tar  in 
natural  asphalt  to  prepare  a  material  with 
comparable  cable  slushing  properties. 

2.  Incorporation  of  pine  tar  results  in  a  more 
environmentally  and  occupationally  acceptable 
cable  slushing  material  than  a  composition  with 
coal  tar. 

4.  FABRICATION  OF  SA  CABLE  WITH  PINE 
TAR-ASPHALT  BLEND 

Standard  armoring  practices  were  employed  in 
producing  a  10  kilometer  length  of  SA  (single 
armored)  fiber-optic  undersea  cable  (Figure  I)  with 
pine  tar-asphalt  blend  substituted  for  coal  tar- 
asphalt  as  cable  slushing.  Adjustments  in  melt 
viscosity  were  made  by  slightly  raising  the 
temperature  of  application.  No  significant  difficulties 
were  experienced  in  the  fabrication  of  this  length  of 
cable. 

4.1  Cable  Qualification  Testing 

A  Cable  Qualification  Test  Plan  was  approved  by  the 
Product  Implementation  Team  (Table  V). 


TABLE  V 

CABLE  QUALIFICATION  TEST  PLAN 


CABLE  QUAUHCATION  TESTS 

TEST 

DESCRIPTION 

SLUSHING  CMP'D 
COVERAGE 

Dissea  Cable 
<oveiage  cn  yaiD  bedding 
coverage  on  wnes 
•soiption  by  PE  insalaiion 

Kdeiemuned  by  exoactiaa) 

CABLE  DAMAGE 

ConamiMriow  of  iimiiaiion  by  adherent  shishini  con^wund 
after  storage.  ConpUance  with  the  molding  requiftmems. 

Examine  for  taeai^iiessuie  affects. 

MECHANICAL 

I.  Each  deveiopmem  cable  and  conool  cable  tested 

Tension  -  Rotation  -  Elongatian 

2.  Tempenture/Flexure  (S*C)  followed  by  disiectkm 
and  exanunadoQ 

HANDLING 

Cable  Stonge  tank  lemoval  unloading  and  shipboard  loading 

Table  VI  is  a  summary  of  the  visual  observations  on 
slushing  compound  coverage  on  the  structural 
components  of  the  dissected  cable  prepared  with  pine 
tar  compared  to  a  comparable  cable  prepared  with 
coal  tar.  The  subjective  observation  method  revealed 
little  difference  in  coverage  exhibited  by  either  cable 
employing  the  same  method  of  application.  The 
presence  of  cable  slushing  on  the  deepwater  core 
(Figure  1)  arose  from  random  separation  of  the  first 
textile  yarn  permitting  penetration  of  the  cable 
slushing  and  slight  discoloration.  Adjustments  were 
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TABLE  VI  TABLE  Vn 

CABLE  SLUSHING  COMPOUND  COVERAGE  ENVIRONMENTAL  EXPOSURE  OF  ARMOR FH  CABLE 


Asphalt  Blend 

TEMPERATURE  CYCLING 

Coal  Tar 

Pine  Tar 

Start  Temperature 

=50°C  for  100  hours 

2nd  Textile  Yam  Layerfoutside) 

B 

B 

Cycle  1 

=3°C  for  100  hours 

1st  Textile  Yam  Layer 

B 

A 

Cycle  2 

=50°C  for  100  hours 

Armor  Wire,  Inner  Surface 

B 

A 

Cycle  3 

=3°C  for  100  hours 

Armor  Wire,  Outer  Surface 

B 

B 

Cycle  4 

=50°C  for  100  hours 

Textile  Yam,  Bedding 

Outer  Surface 

A 

A 

Cycle  5 

=3°C  for  100  hours 

Textile  Yam,  Bedding 

Inner  Surface 

C 

B 

Cycle  6 

=50°C  for  100  hours 

Deepwater  PE  Insulated  Cable 

C 

C-B 

Test  conducted  were: 

Core 

A  -  Heavy  Tar 

B  -  Medium  Tar 

C  -  Light  Tar 

D  -  No  Tar 

•  An  x-ray  analysis  for  inclusions  i.e.  particulates 

•  Microtome  samples  were  prepared  encompassing 
the  overmolding  interfacial  area  and  the  recovered 
specimens  tensile  tested. 

made  in  the  later  fabrication  of  armored  cables  that 
eliminated  yarn  separation. 

In  this  initial  trial  the  presence  of  random 
discoloration  was  of  concern  as  to  its  effect  on  the 
reliability  of  cable  integrations  (i.e.  molding  of  splices 
between  cable  lengths). 

4.1.1  Adsorption  of  Cable  Slushing  On 
Polyethylene  Dielectric  Surface 

There  was  no  signiflcant  differences  in  the  surface 
extractables  from  a  control  armored  cable  which  did 
not  have  surface  discoloration  and  that  from  the  trial 
cables  above.  This  result  suggested  surface 
discoloration  with  no  sorption  during  fabrication. 

4.1.2  Moldings  Trials..  On  Environmentally 
Exposed  A  rmored  Cabki 

An  aging  study  (Table  VII)  was  conducted  to 
determine  if  the  candidate  cable  slushing  coating 
hardered  during  aging  by  separation  or  sorption  of 
pine  tar  and/or  the  surface  discoloration 
compromised  the  reliability  of  cable  splices. 

1.  The  aged  cable  samples  were  dissected  and  the 
deepwater  cable  core  recovered.  It  was  observed 
that  the  outer  layers  of  the  textile  roving  were 
more  difficult  to  remove  than  was  observed 
with  unaged  cable.  The  pine  tar  blend  was 
flexible  after  aging  and  did  not  embrittle.  The 
coal  tar  blend  was  more  brittle  after  aging. 

2.  The  recoved  deepwater  polyethylene  insulated 
cable  cores  were  joined  to  cable  splice  boxes. 
The  moldings  were  prepared  in  two  different 
molding  machines  and  tested. 


•  Heat  shrink  testing. 

All  tests  were  satisfactory  and  meet  requirements. 

4.1.3  Low  Temperature  Flexibilirv  As  part  of 
the  cable  qualification  test  plan  (Table  V)  low 
temperature  flexing  of  the  armored  cable  was 
required.  The  purpose  of  this  test  was  to  ascertain 
any  differences  in  the  low  temperature  performance 
of  the  coal  tar  -asphalt  and  pine  tar  -asphalt 
adhering  to  the  textile  bedding  and  armored  wires. 
After  conditioning  cable  samples  for  24  hours  at 
40°  F  ±  8°  F  the  coal  tar  and  pine  tar-asphalt  cables 
were  flexed  50  cycles  on  a  36  inch  radius.  Figure  IE. 
After  flex  testing  the  samples  were  dissected  and 
following  subjective  observation  noted. 

•  The  coal  tar-asphalt  cable  slushing  on  the  armor 
wire  textile  coverings  was  brittle.  Upon  pulling 
the  textile  off  the  armored  wires  the  coal  tar- 
asphalt  coating  failed  adhesively  exposing  bare 
armor  wires  with  the  cable  slushing  adhering  to 
the  textile.  The  armored  wires  could  be  readily 
separated  from  the  brittle  cable  slushing  between 
the  interstices  of  the  armor  strands. 

•  The  pine  tar-asphalt  cable  sample  was  dissected. 
This  mix  adhered  to  the  textile  bedding,  was  not 
brittle  and  pulled  away  from  the  armor  wires 
leaving  the  wires  bare.  In  separating  the  armor 
wires  cohesive  failure  of  the  adherent  coating 
occurred  between  interstices  rf  the  galvanized 
steel  armor. 
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PIVOT  ARM 


The  results  of  the  low  temperature  flex  testing 
suggest  that  the  pine  tar  blend  is  a  better  low 
performance  coating  than  the  coal  tar  blend  and 
would  retain  its  flexibility  as  a  coating  at  low 
temperature  and  be  less  prone  to  embrittlement. 
This  could  be  important  if  the  armored  cable  is 
torqued  during  deployment  or  on  the  ocean  bottom. 

4.1.4  Mechanical  T esting 

Sample  lengths  of  both  the  coal  tar  and  pine  tar 
-asphalt  cable  slushed  armored  cables  were  submitted 
for  Tensile-Rot  at  ion -Elongation  testing.  The  purpose 
for  performing  these  test  was  to  determine  if  the 
method  of  application  of  cable  slushing  compound  or 
material  affected  the  cable  rotation  (torque)  during 
shipboard  deployment.  The  apparatus  employed  in 
test  is  found  in  Figure  IV  The  test  results  are  found 
in  Table  VIE.  The  data  revealed  no  significant 
difference  among  the  specimens.  The  reproducibility 
of  the  test  is  demonstrated  by  the  correspondence  of 
the  replicate  data  on  coal  tar-asphalt  coated  armor 
cables  tested  six  months  apart. 


TABLE  vra 

TABLE  SUMMARY  OF  TEST  RESULTS 


Load 

Cycle 

Tension 

pounds 

Cable  Rotation,  degrees  per  foot 

Coal  Tar-Asphalt 

Pine  Tar-Asphalt 

1 

32,000 

28.8  (30.7*) 

29.3 

400 

3.6  (4.2) 

4.1 

10 

32,000 

29.7  (31.4) 

30.8 

400 

4.3  (4.8) 

5.1 

11 

50,000 

59.8  (61.5) 

63.0 

400 

15.6(18.0) 

19.1 

20 

50,000 

64.4(66.4) 

72.4 

400 

20.4  (22.0) 

30.4 

*  Six  month  earlier  data 


4.1.5  Assessment  of  Cable  Slushing  Outer 
Coating  of  SA  Cable 

After  three  month  storage  (coiled  in  holding  tanks) 
the  10  km  cable  was  shipboard  loaded.  The 
shipboard  loading  was  event  free  (no  "blocking")  and 
little  if  any  smearing  observed  during  transfer  over 
slides  and  capstans  during  cable  shipboard  loading. 
These  observation  suggest  that  the  *  3  months 
storage  (ambient)  did  not  result  in  creep  and 
"blocking"  of  the  armored  cable  external  coating  of 
pine  tar-asphalt  textile  between  coils  of  staked  cable. 
(Table  V) 

4.1.6  Pine  Tar-Asohalt  Process  Stability 

Samples  of  the  pine  tar-asphalt  mix  were  withdrawn 
during  the  application  of  the  cable  slushing  in 
processing  the  10  km  armored  cable.  These  samples 
were  tested  to  ascertain  the  processing  stability  .  The 
results.  Table  DC,  indicate  that  the  pine  tar-asphalt 
blend  increases  in  stiffness  and  viscosity.  These 
effects  did  not  appear  to  compromise  the  ability  to 
process  the  coating  during  the  fabrication  of  the 
length  of  armored  cable. 

TABLE  IX 

PROCESS  STABtLlTY  PINE  TAR  -  ASPHALT  BLEND 


Hours  Exposed 


Original 

24 

48 

120 

ISO 

175 

Softening  Point  °F 

122 

132 

133 

130 

134 

135 

Penetration  (0.1  tiin) 

80 

47 

42 

44 

39 

38 

Wl  Loss  % 
51irsat325°F 

0.9 

.671 

.443 

.341 

.370 

.449 

Figure  IV;  ApparatuaUtatfforMMMuraiTwrnol 
Cable  Elongatian,  Torqua,  and  Rotation 
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4.2  Suinjmary  -  Blend  Of  Pine  Tar  Oil  - 
Asphalt  As  An  Armored  Cable  Sjushing 
Compound 

Observations  and  data  generated  during  cable 
processing  and  cable  qualification  follow; 

1.  There  are  no  significant  processing  and 

physical  property  behavior  that  suggests 
instability  in  use  of  pine  tar-asphalt  as  a  cable 
slushing  material. 

2.  There  is  the  suggestion  that  the  low 

temperature  performance  of  the  pine  tar- 
asphalt  would  be  an  improvement  over  present 
cable  slushing  material. 

3.  Cable  qualification  results  are  comparable  to 
those  exhibited  by  coal  tar-natural  asphalt 
applied  to  armored  cable  in  a  similar  process. 

4.  Shipboard  handling  of  pine  tar-asphalt 
externally  coated  armored  cables  are 
comparable  to  present  coal  tar-asphalt  coated 
armored  cables. 

5.  The  pine  tar  oil-asphalt  blend  is  an 
environmentally  acceptable  alternate  to  coal  tar 
oil  in  armored  cable  coating  formulations. 

5.  CONCLUSION 

Employing  the  Product  Realization  Process  (PRP) 
applied  to  two  concurrent  developments,  equipment 
and  material,  appeared  to  accelerate  the  development 
cycle. 

An  alternate  undersea  armored  cable  coating 
compound  has  been  developed  that  is  both  cost 
competitive  and  less  hazardous  in  the  factory 
environment  and  in  shipboard  handling  as  the 
present  coal  tar-natural  asphalt  cable  slushing 
material.  This  material  is  a  blend  of  a  more  benign 
pine  tar,  a  naval  store,  with  natural  asphalt. 

Cable  qualification  testing  on  both  development  and 
production  cables  demonstrated  comparable 
mechanical,  physical  and  handling  characteristics  as 
presently  fabricated  cables. 
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ABSTRACT 


The  reported  cable  jointing  technique 
enables  the  manufacturing  of  very  long 
continuous  submarine  cables  with  no 
visible  joint  boxes  as  the  reported  joint 
is  flexible  and  has  the  same  nominal 
diameter  as  the  rest  of  the  cable.  In 
addition,  its  optical,  electrical, 
mechanical  and  thermal  properties  are 
identical  to  any  other  section  of  the 
cable. 

The  major  advantage  of  the  technique  is 
that  no  extra  precautions  are  required 
during  cable  handling,  deployment  or 
burial . 

The  tubular  splice  has  been  utilised  in 
both  6  and  12  fibre  cables  for 
international  submarine  projects. 

The  typical  optical  splice  loss  is  0.07 
dB. 


1 ■  INTRODUCTION 

Traditionally,  the  manufactured  continous 
length  of  fibre  optical  cables  has  been 
limited  due  to  material,  manufacturing 
facilities  and  various  processing 
restrictions.  Thus  to  make  up  very  long 
cables,  shorter  sections  have  to  be 
jointed  together  after  manufacturing. 

In  the  manufacturing  stages  prior  to  the 
final  armouring  of  the  cable,  there  is 
also  the  risk  of  damage  to  the  cable  core 
which  would  also  require  jointing. 

Up  to  now,  both  production  related 
limitations  and  cable  repair  have  required 
the  use  of  traditional  cable  joint  boxes. 
These  joint  boxes  have  been  in  the  form  of 
voluminous  metal  enclosures ,  which  have 
restricted  cable  manufacture,  handling  and 
deployment . 


In  order  to  manufacture  very  long, 
continuous  lengths  of  optical  submarine 
cable,  a  technique  has  been  developed  for 
splicing  the  cable  core,  including  the 
optical  fibres,  which  avoids  the  use  of 
traditional  joint  boxes.  The  technique  is 
based  on  a  pressure  balanced  polycarbonate 
tube  with  the  same  diameter  as  the  fibre 
optical  cable  core,  onto  which  the  slotted 
core  element  is  mechanically  terminated  in 
both  ends.  The  optical  fibre  splices  are 
positioned  inside  the  tube,  protected  from 
mechanical  and  chemical  exposure. 

All  fibres  are  spliced  with  equal  excess 
lengths,  enabling  very  high  cable 
elongation  without  any  tension  being 
transferred  to  the  fibre  splices.  As  the 
fibres  cannot  be  coiled  as  in  a 
traditional  joint  box,  all  fibres  must  be 
successfully  spliced  the  first  time  and 
with  identical  lengths. 

The  tubular  splice  design  can  also 
accomodate  electrical  conductors. 
Depending  on  the  actual  cable  design,  any 
conductors  are  jointed  either  inside  or 
outside  the  tube. 

The  tubular  splicing  process  is  carried 
out  in  the  armouring  machine.  The 
armouring  wires  are  applied  directly  over 
the  polycarbonate  tube,  thus  giving  a 
continuous  armour  over  the  joint  which  has 
a  diameter  identical  to  the  rest  of  the 
cable . 

Once  armoured,  the  splice  exhibits 
identical  mechanical,  thermal,  electrical 
and  optical  transmission  characteristics 
to  any  other  cable  section.  No  special 
precautions  are  required  during  the 
armouring  or  any  subsequent  manufacturing 
processes  such  as  outer  protection 
extrusion.  In  addition,  no  special 
precautions  are  required  during  the 
succeding  cable  handling,  deployment, 
laying,  burial  or  eventual  retrieval. 
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The  tubular  joint  is  developed  for  a 
slotted  core  cable  design,  with  an  FRP 
central  strength  member. 


2.  TUBULAR  JOINT  DESIGH 


Mechanical  design. 

The  tubular  joint  is  based  on  a 
polycarbonate  tube,  onto  which  the  central 
fibre  reinforced  plastic  (FRP)  element  of 
the  optical  fibre  cable  is  mechanically 
terminated  at  both  ends.  This  is  shown  in 
figur  1 . 


Pofycartwnate 

tube 


Existing 


cable 


Figur  1.  Tubular  splice  design. 


The  overall  length  of  the  polycarbonate 
tube  is  1500  mm,  dictated  by  the  optical 
fibre  lengths  required  to  perform  the 
fusion  splicing.  The  outer  diameter  is  12 
mm,  conforming  with  the  submarine  cable 
inner  sheath  diameter  and  with  the  FRP 
axial  tension  properties. 

The  polycarbonate  tube  transfers  the  axial 
loads  beween  the  jointed  FRP  elements  and 
protects  the  optical  fibres  and  the  fibre 
splices  from  chemical  and  mechanical 
exposure . 

The  mechanical  termination  between  the 
polycarbonate  tube  and  the  parent  cable  is 
implemented  by  two  pairs  of  stainless 
steel  bushings.  The  inner  pair,  denoted 
fibre  divider,  is  attached  to  the  central 
FRP  element.  A  number  of  radial  slots, 
equal  to  the  number  of  slots  in  the 
slotted  core  element,  ensures  that  the 
optical  fibres  can  pass  freely  from  the 
slotted  core  to  the  fibre  splicing  area. 

The  fibre  divider  is  in  turn  attached  to 
the  polycarbonate  tube  using  a  resin,  thus 
tranfering  the  axial  load  between  the 
polycarbonate  tube  and  the  FRP  element . 

The  outer  pair  of  stainless  steel 
bushings,  denoted  cable  bushings,  ensure 
rotational  stability  beween  the  cable 
inner  sheath  and  the  polycarbonate  tube. 

The  slotted  core  element  with  the  optical 
fibres  is  free  to  move  with  respect  to  the 
cable  bushing. 

The  tube  is  filled  with  a  cable  filling 
compound  for  hydrostatic  pressure 
performance  and  fibre  protection. 


Optical  fibre  splicing 

The  optical  fibres  are  individually 
spliced,  tensile  tested  and  recoated  prior 
to  positioning  the  polycarbonate  tube  over 
the  fibre  dividers  and  the  spliced  fibres. 

The  design  of  the  tubular  joint  permits 
only  a  limited  excess  fibre  length  to  be 
coiled  inside  the  tube,  and  hence  imposes 
stringent  demands  on  the  fibre  splicing 
process:  All  fibres  must  be  cleaved  to  the 
exact  same  length,  and  all  individual 
fibre  stripping,  cleaving,  fusion 
splicing,  tension  testing  and  recoating 
must  meet  their  respective  specifications 
the  first  time.  Otherwise  the  complete 
splicing  procedure  must  start  from  the 
beginning  again. 

The  only  way  to  avoid  restarting  the 
splicing  procedure  is  to  allow  multiple 
splices  on  one  fibre.  This  would  however, 
influence  the  power  budget  and  might 
exceed  the  specified  splice  loss. 
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Cn  order  to  ensure  that  no  axial  loads  aie 
iransferred  to  the  optical  fibres  or  their 
splices  during  the  armouring  process  or 
iuring  the  cable  operational  life  time, 
:he  spliced  fibres  are  given  an  excess 
Length  of  0.5  %  relative  to  the 
polycarbonate  tube. 

The  typical  optical  loss  of  the  spliced 
fibres  is  0.07  dB  at  1550  nm.  No 
additional  optical  loss  has  been  observed 
Sue  to  the  assembly  of  the  tubular  joint, 
lor  subsequent  manufacturing  or 
installation. 

The  fibre  splicing  process  is  carried  out 
jsing  commercially  available  splicing 
equipment.  The  tubular  splice  has  been 
employed  both  for  single  mode  carbon 
soated  hermetic  fibres  and  single  mode 
standard  fibre. 


3.  ASSEMBLY 

The  tubular  joint  is  assembled  in  the 
cable  armouring  process.  For  the  purpose 
of  establishing  adequate  working 
conditions  during  the  critical  fibre 
splicing,  all  jointing  work  is  performed 
in  a  separate  container,  in  which  the 
environment  is  carefully  controlled.  This 
is  depicted  in  figure  2. 


ARMOURING  SPLICING  CABLE 

MACHINE  CONTAINER  DRUM 


Figur  2.  Assembly  of  the  tubular  joint  in 
the  armouring  line 


The  assembly  of  the  tubular  splice  is 
performed  in  the  following  four  phases: 

*  slide  the  polycarbonate  tube  over  one 
of  the  cable  ends  and  attach  the 
fibre  divider  to  the  FRP  elements. 

*  cleave  the  optical  fibres  to  exact 
lengths  and  fusion  splice. 


*  position  the  polycarbonate  tube  over 
the  spliced  fibres.  Attach  cable 
bushings  and  fibre  dividers  to 
polycarbonate  tube  using  epoxy  resin. 

*  fill  all  polycarbonate  tube  voids 
with  filling  compound  and  seal  all 
filling  and  venting  holes. 

In  order  to  cut  the  fibres  to  correct  and 
identical  lengths  and  to  protect  the 
spliced  fibres  during  the  work,  a  special 
jig  has  been  developed.  The  jig  also 
ensures  that  no  tension  is  transferred  to 
the  spliced  fibres  during  positioning  of 
the  polycarbonate  tube. 

A  special  tool  has  also  been  developed  to 
carefully  force  the  cable  bushings  into 
the  polycarbonate  tube. 

Special  attention  is  required  to  protect 
the  fibres  when  fixing  the  fibre  divider 
and  the  cable  bushing  to  the  polycarbonate 
tube.  Any  resin  directly  on  the  fibres 
would  prevent  their  free  movement,  and 
potentially  inflict  fibre  breakage  once 
the  splice  is  exposed  to  axial  or  radial 
load. 

The  resin  used  for  mechanical  fixing  has 
been  selected  for  maximum  shear  strength, 
minimum  hardening  time,  hardening 
temperature  and  viscosity.  Correct 
viscosity  enables  the  resin  to  fix  the 
polycarbonate  tube  and  burhings  without 
wetting  the  optical  fibres. 

Once  the  tubular  splice  has  been  assembled 
all  voids  are  filled  with  a  cable  filling 
compound.  Finally,  all  filling  holes  and 
venting  holes  are  sealed  using  a  resin  and 
a  tape . 

The  polycarbonate  tube  is  transparent, 
thus  enabling  the  operators  to  visually 
inspect  the  spliced  fibres  during  the 
assembly  operations. 

The  remai.iing  joint  assembly  stages  depend 
on  the  cable  design.  If  the  cable  contains 
copper  conductors  outside  of  the  inner 
sheath  for  cable  electroding  purposes, 
these  will  be  jointed  and  insulated 
outside  the  polycarbonate  tube.  Any 
bedding  is  replaced  outside  the  tube. 

Dictated  by  the  resin  hardening  time,  the 
cable  armouring  process  can  now  continue. 
Single  or  multiple  armour  can  be  applied 
directly  on  to  the  tubular  joint,  forming 
an  integrated  and  continuous  cable  joint. 

A  complete  tubular  splice  on  a  cable 
containing  6  fibres  can  presently  be 
completed  within  approximately  8  hours. 
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4.  OOALIFICATION  TESTING 

The  tubular  splice  has  been  qualified  for 
use  in  submarine  cables  supplied  to  the 
Norwegian  Telecom  and  other  customers 
internationally.  The  qualification  tests 
were  performed  cn  jointed  and  armoured 
(single  armour)  submarine  cable.  The  tests 
are  shown  in  Table  1 . 


Table  1.  Qualification  Tests. 


Test 

Condition 

Tensile  loading 

60  kN 

Compressive 

loading 

7,5  kN 

Exposed  section; 

1  0  cm 

Impact 

Energy:  75  Nm 
Radius  of 

curvature:  50  mm 

Temperature 

Cycling 

-40  °C  -  +70  °C 

1  0  cycles 

Hydrostatic 

pressure! 00 

bar 

Duration:  24 

hours 

Flexibility 

Bend  radius:  75 
cm 

100  cycles 
Tension:  500  N 
Room  temperature 

Torsion 

40°  pr.  10  m 
Tension:  30  kN 

The  tubular  jointing  technique  has  been 
successfully  employed  for  several 
international  submarine  cables  during 
1992.  The  cables  have  contained  6  and  12 
fibres  respectively. 


5.  CONCLUSIONS 


The  design,  assembly  and  test 
specifications  of  the  tubular  joint  have 
been  described. 

The  tubular  joint  technique  enables  the 
production  of  very  long  continuous  fibre 
optic  submarine  cable  lengths  with  no 
visible  joint  boxes.  The  diameter  of  the 
cable  remains  the  same  over  the  whole 
length,  also  at  the  joints,  and  the 
armouring  is  continous  across  the  joints. 


Testing  of  cables  with  the  tubular  joint 
has  shown  that  single  and  double  armoured 
submarine  cables  can  be  jointed  with  this 
technique  such  that  the  jointed  cable  has 
the  same  axial  or  radial  mechanical 
properties,  flexibility,  optical  fibre 
reliability  or  thermal  properties,  as  the 
parent  cable. 

Manufacturing  experience  has  fully  proven 
this  jointing  technique  to  be  viable. 

Installation  experience  has  shown  that 
with  the  tubular  joint,  no  special 
attention  is  required  when  cable  joints 
are  passing  through  cable  ways,  linear 
engines,  ploughs  or  jetting  machines 
during  loading,  laying  and  burial. 
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Abstract 

Fiber  optics  in  the  local  network  has  been 
iscussed  in  conjunction  with  broadband  ISDN  for 
everal  years.  For  such  a  network  the 
rchitecture,  a  cable  familiy  on  the  basis  of 
ptical  fiber  ribbon  technology  and  the  needed 
ccessories  will  be  presented.  Constructions, 
ests  and  first  field  trials  with  the  new 
echnology  will  be  reported. 


.  Introduction 

A  new  optimized  optical  fiber  cable  family 
tith  ribbons  will  be  presented.  The  cable  family 
>n  the  local  network  cable  level  is  constructed 
fith  equal  basic  elements.  The  solution  is  a 
l-f ibre-ribbon  technique  in  encapsulated 
:onstruction  with  UV-coloured  single  mode  fibers, 
‘.orresponding  to  the  network  architecture  the 
:able  types  are  designed  in  a  way  that  leads  to  an 
jconomic  production  and  is  easy  to  handle.  The 
)asic  elements  of  the  ribbons  are  constructed  in 
:ube  technique  with  4-20  fibers  per  unit.  The 
;able  family  is  constructed  with  few  units.  A  main 
:able  with  200  fibers  will  have  an  outer  diameter 
less  than  21  mm.  In  the  distribution  level  these 
)asic  units  are  single  sheathed  and  bonded  to  flat 
:able  units  up  to  5  units.  In  thus  a  cable  of  100 
'ibers  is  possible.  These  units  can  be  branched 
fithout  splicing  and  fed  to  the  building.  For  the 
irop  cable  a  single  element  with  in  general  4 
'ibers  is  proposed.  If  applicable  the  cables  are 
ireconnctorized. 

Additional  an  estimation  for  the  splicing 
technique  and  mounting  construction  for  this  cable 
'amily  will  be  presented.  The  experiences  in  a 
'ield  test  with  the  Deutsche  Bundespost  TELEKOM  in 
Wrnberg  with  more  than  200  subscribers  as  the 
'irst  stage  of  this  concept  were  positive. 

Network  Architecture 

For  a  long  time  the  introduction  of  the 
ptical  fiber  technique  into  the  subscriber  access 
etwork  has  been  discussed  world  wide  to  be  done 
s  large  scale  introduction.  /1//2//3//4//5/. 

lut  since  that  time  only  overlay-networks  were 
ealized,  for  example  the  so  called  VBN-network  in 
lermany.  From  cost  aspects  such  a  network  is  not 
ipplicable  for  a  full  coverage. 


Therefore  other  strategies  are  required  for  the 
introduction  of  the  optical  fiber  technique  into 
the  local  network. 

For  this  reason  networks  are  searched  as  close  as 
possible  to  the  subscriber  (OPAL  93  in  Germany), 
which  allow  telephone-,  data-,  small -band- 1  SDN 
services  and  optional  CATV  for  the  mass  of 
subscribers  as  well  as  broadband  services  PMBX 
(2Mbit/s)  for  a  number  of  subscribers.  Later  on 
there  must  be  the  chance  to  extend  such  a  network 
to  a  broadband  ISON  network  for  a  great  number  of 
subscribers.  As  the  necessary  investments  must  be 
obtained  by  the  today  realized  services  an 
optimized  course  of  investments  has  to  be  found. 
This  network  must  be  equivalent  from  the  costs  as 
the  existing  copper  network. 

For  such  networks  estimations  have  been  done  as 
FTTC,  FTTH  and  FTTB.  (Fig.  1). 


Loco)  Exchonge 


Bronching  Coble 
L  =  50  m 


FlQ.  1  Basic  Network  Structure  with  Optical 
Fiber  Cables 
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The  greatest  costs  for  the  whole  network  are  the 
system  components,  such  like  optical  transmitters 
and  receivers. 

Therefore  the  employment  of  optical  splitters  (up 
to  1x16  or  1x32)  makes  sense  for  reducing  these 
costs.  This  means  for  the  main  cable  area  low 
fibre  count  cables,  which  are  laid  normally  into 
ducts.  For  this  case  it  is  very  simple  to  upgrade 
the  existing  network  with  optical  fibers.  The 
branching  cables  behind  the  distribution  cabinet 
(see  Fig.  1)  have  more  fibers.  These  branching 
cables  lead  to  greater  buildings  (more  than  10-20 
subscribers)  or  to  curbs.  Behind  these  curbs  and 
in  the  buildings  normally  copper  cables 
(symmetrical  or  coaxial)  are  used.  Today' 
strategies  use  in  most  cases  the  structure  of  the 
existing  copper  local  network.  Concerning  the 
better  transmission  properties  of  the  optical 
fiber  the  density  of  the  local  exchanges  can  be 
reduced.  The  cable  lengths  will  be  increased  for 
example  from  2  km  to  10  km. 

In  this  case  the  costs  for  local  exchanges  and 
installation  in  the  main  cable  area  are  clearly 
reduced. 

For  these  considerations  cable  constructions  with 
optical  fibers  in  ribbons  might  be  useful. 

3.  Cable  Design 
3.1  Fiber 

The  single-mode  fibers  which  are  employed  in 
subscriber  network  cables  are  optimized  for  a 
wavelength  range  around  1310  nm,  with  zero 
disperion  in  this  wavelength  region,  but 
additionally  perform  well  at  1550  nm.  The  fiber 
are  germanium  doped  without  phosphorus.  The  fibers 
profile  is  a  "matched  cladding"  type.  The  nominal 
mode  field  diameter  is  9.3  pm. 

The  low  intrinsic  attenuation  of  fibers  with  tight 
geometrical  tolerances  guarantee  very  good 
transmission  characteristics  in  ribbon  cables.  The 
geometry  of  the  single-mode  fibers  used  in  the 
experiment  expressed  as  average  values  with  1  C 
are: 


outer  glass  diameter: 
mode  field  diameter  : 
core/clad  excentricity: 
coating  diameter  : 


125  pm  +  0.5  pm 
9.3  pm  +  0.13  pm 
0.4  pm  +  0.1  pm 
245  pm  +  3.3  pm 


For  their  employment  in  fiber  ribbons  the  fibers 
are  UV-coloured.  For  this  12  colours  are  available 
(Fig.  2). 


Fig.  2.  Model  Spool  with  12  Fiber  Colours 


The  UV-colouring  ensures  that  the  good  regularity 
and  the  narrow  tolerances  of  the  fibers  will  be 
maintained.  The  thickness  of  colour  coating  is 
around  5  pm.  Because  of  the  UV-colouring  the 
fibers  in  the  ribbon  structure  have  very  good 
separability  characteristics. 

3.2  Ribbons 

The  ribbon  used  in  this  cable  construction  is  of 
the  so-called  type  "encapsulated".  Here  the 
UV-coloured  fibers  are  fully  surrounded  by  a 
special  UV-acrylate-coating  (Fig.  3). 
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Fig.  3  Ribbon  Endcut 


The  height  of  the  ribbon  of  300  jjm  has  been  chosen 
in  order  to  minimize  the  cable  diameter. 

The  ribbons  are  produced  in  a  horizontally 
installed  machine  in  which  che  forming  of  the 
fiber  ribbon  is  carried  out  in  a  vertical  coating 
tower.  By  means  of  a  special  construction  of  the 
coating  die  for  the  UV-acrylate-coating  very  good 
geometric  tolerances  are  achieved. 

Geometry  of  the  ribbons  employed  in  the  test 
cables: 

height:  286  pm  +  5  pm  11 

width  :  1042  pm  +  15  pm  ^ 

1)  tolerances  Itf -  values 
planarity:  typically  <  10  urn 
In  general  nominal  targets  should  be  : 
height:  300  pm  +  50  pm 
width  :  1100  pm  +  100  pm 

The  ribbon  is  constructed  with  four  different 
UV-curing  coatings:  the  primary-  and  secondary 
coating  of  the  fibers,  the  colour  coating  and  the 
ribbon  coating  to  encapsulate.  The  compatibility 
of  the  four  different  coatings  is  most  important 
for  the  microbending  sensitivity  of  the  singlemode 
fibers  in  ribbon  structure. 

In  order  to  quantify  the  microbending  sensitivity 
of  the  ribboned  fibers  microbending  attenuation 
measurements  have  been  made  according  to  CECC  76/ . 
The  ribbon  is  wound  onto  a  spool  with  a  diameter 
of  0.3  m  on  sand-paper  of  the  quality  PSA-grade  40 
um-mineral  A10.  The  winding  power  is  in  total  3.2 
cN  over  the  entire  ribbon.  The  microbending 
attenuation  is  calculated  by  the  following 
formula: 


microbending  sensitivity  =  a  *  R/T 
where  a  (dB/km)  =  Increase  in  attenuation 
caused  by  microbendings 

R  (m)  =  spool  radius 

T  (N)  =  winding  tension 

The  ribbons  employed  in  the  test  cables  were  under 
0.5  dB/km/N/m  with  regard  to  their  microbending 
sensitivity.  With  these  low  values  a  very  good 
cabling  of  the  ribbons  is  guaranteed. 

3.3  Ribbon-Unit 

The  second  step  for  manufacturing  an  optical  fiber 
ribbon  cable  is  the  production  of  the  basic 
element,  the  so-called  ribbon  tube.  This  tube  has 
an  outer  diameter  of  4.5  mm  for  the  4  fiber  ribbon 
(Fig.  4). 


Fig.  4  Ribbon  Basic  Element  with  20  Fibers 

For  the  tube  a  material  as  it  is  known  from  the 
conventional  loose  tube  technique  (filling 
compound,  tube  material)  is  used.  The  thixotropic 
filling  compound  makes  the  tube  watertight  and 
decouples  the  ribbon  mechanically  from  the  inner 
layer  of  the  tube  material. 

The  high  strength  of  the  tube  material  (polyester, 
polyamid  or  polycarbonat)  with  a  thickness  around 
0.7  mm  is  a  good  protection  for  the  ribbon  against 
the  stresses  occuring  in  longitudinal  and 
transverse  direction  in  the  finished  cable  and 
also  during  cabling.  These  stresses  are  absorbed 
by  this  basic  element  in  a  wide  range  so  the 
optical  transmission  quality  of  the  optical  fiber 
in  the  ribbon  is  not  influenced  by  that. 

This  ribbon-unit  gives  good  package  density 
coRttined  with  sufficient  mechanical  decoupling  of 
fibers  and  the  rest  of  cable.  For  a  20  fiber 
ribbon-unit  (5  ribbons  in  one  unit)  the  density  is 
0,8  mm'  per  fibre. 


Ribbon 


Ribbon  Basic  Element  20  Fibers 
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3.4  Cable  construction 

The  above  mentioned  ribbon-unit  will  be  used  for 
the  following  members  of  the  new  cable  family. 

-  Cable  with  central  ribbon  unit 

Low  count  optical  fiber  ribbon  cables  (4.. .20  OF) 
can  favourably  produced  with  a  central  core,  in 
order  to  achieve  a  cable  diameter  of  8inm  with 
limited  production  costs.  Dependent  on  the 
arrangement  of  the  ribbon  tube  in  the  centre  of 
the  cable  in  case  of  high  tensions  and  elongation 
of  the  cable  this  construction  type  does  not  have 
any  microbending  effects  and  by  that  no 
considerable  additional  attenuation  arises  on  the 
occassion  of  these  conditions.  However,  the 
optical  fibers  are  joined  in  the  stresses 
depending  on  the  cable  elongation.  But  the  fiber 
elongation  resulting  from  these  stresses  is  in  an 
uncritical  range  (about  0.2%).  Above  the  central 
ribbon  tube,  strength  members  made  of  glas  or 
aramide  rowings  are  arranged  adapted  to  the 
corresponding  tension  forces.  As  outer  protection 
sheath  the  conventional  laminated  aluminium 
polyethylene  sheath  or  a  simple  polyethylene 
sheath  is  applied. 

Fig.  5  shows  cable  construction  with  4  up  to  20 
fibers. 


Fig.  5  Ribbon  Cable  Construction  with  Central 
Tube 


Flat  cable 

This  cable  type  represents  a  new  cable  for  the 
direct  subscriber  termination.  By  this  it  is 
possible  to  connect  the  subscriber  to  the  existing 
network  without  splicing  (FTTH)  cost  of  a  single 
cable. 

A  flat  cable  construction  allows  to  remove 
separate  optical  transmission  elements  without 
opening  the  whole  cable  or  to  have  to  connect 
again  the  transmission  elements  to  the  continuing 
telecommunication  line.  The  presented  construction 
consists  of  basic  elements:  ribbon  tube,  tension 
members  and  a  PE-outer  sheath.  This  basic  elements 
are  separately  connected  by  webs. 

With  these  webs  it  is  possible  to  take  out  the 
individual  element  from  the  cable  without 
affecting  the  cable  in  its  qualities.  In  order  to 
protect  the  individual  element  against  mechanical 
stress,  tension  members  are  integrated  in  the 
PE-sheath  of  the  single  element.  They  protect 
these  single  cable  element  of  the  whole  cable  for 
the  laying  and  mounting  to  the  subscriber.  At  the 
complete  cable  special  compression  protection 
members  at  the  edges  of  the  cable  protect  this 
flat  cable  and  allow  to  lay  the  cable  along 
greater  distances  (Fig. 6). 


Fig.  6  Flat  Cable  with  Ribbons 
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Cable  with  stranded  ribbon  tube 

Highcount  optical  fiber  ribbon  cables  (80... 200 
OF)  will  be  constructed  with  tubes  of  20  optical 
fibers  per  tube,  stranded  in  a  single  layer  around 
a  central  strength  member  (steel  wire  or  FRP-rod). 

By  this  an  optical  fiber  cable  with  a  minimum 
outer  diameter  and  low  cable  weight  can  be 
obtained  according  to  the  customer  demands  for 
subscriber  cables.  For  high  mechanical  stresses 
the  cable  is  protected  in  addition  to  the  central 
strength  member  with  tension  members  under  the 
outer  sheath  of  the  cable.  The  multiple  sheath  of 
the  ribbon  cable  consists  of  these  tension 
members,  optional  an  aluminium  foil  as  moisture 
barrier  and  the  PE  outer  sheath.  For  the 
watertigthness  the  interstices  in  the  cable  core 
are  filled  with  petro jelly  and  the  sealing  of  the 
tension  members  is  obtained  by  a  swelling  tape.  By 
the  stranding  of  the  ribbon  tubes  and  the 
resulting  flexibility  of  the  ribbon  stack  in  the 
cable  this  construction  is  able  to  withstand  cable 
elongation  without  ribbon  strain  (fiber 
elongation).  Fig.  7  shows  an  optical  fiber  cable 
(80  fibers)  with  basic  units  of  20  fibers. 


Fig.  7  80-Flber  Main  Cable  with  4-Flber  Ribbons 


3.5  Characteristics 

Cable  constructions  with  ribbon  technology  for  the 
subscriber  loop  must  fullfil  the  mechanical  and 
optical  demands  in  this  area. 

As  basis  for  this  for  example  the  technical 
specifications  of  the  Deutsche  Bundespost  Telekom 
for  optical  fiber  cables  in  the  local  network  can 
be  taken  /7/,  The  main  test  criterions  required 
are  the  following: 

temperature  behaviour  between  -20°C  and 
+60®C, 

with  a  <0,1  dB/km 

tensile  stress  up  to  2-times  of  the 
kilometric  cable  weight 
with  a  <  0,1  dB/km 

bending  test  with  15-times  of  the  cable 
diameter, 

with  a  <  0,1  dB  measured  length 

longitudinal  watertightness  for  1  m  cable 
during  72  h  with  1  m  water  heigth 

In  Fig.  8  the  measured  results  for  the  three  cable 
constructions  are  concluded.  They  show  that  the 
ribbon  cables  meet  all  requirements  which  are 
required  from  today'  optical  fiber  cable  for  the 
local  network. 
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Fig.  8  Test  Results  on  Various  Ribbon  Cable 
Constructions 
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In  all  test  cables  the  ribbons  were  unstranded  in 
the  tubes.  Better  test  results,  especially  bending 
behaviour,  might  be  achieved  with  a  pre-stranded 
ribbon  stack.  This  is  important  for  future 
aspects,  when  ribbons  with  more  fibers  than  only 
four  should  be  used. 

4.  Installation  Technique 

4.1  Connection  technique 

The  connection  technique  for  the  represented 
new  cable  family  does  not  considerably  differ  from 
the  conncetion  technique  for  standard  cables.  For 
permanent  fix  connection  fusion  splices  are  used, 
detachable  connections  are  realized  with 
connectors  /8/. 

Based  on  the  fusion  splice  equipment  for  single 
fibers  splice  units  have  been  developed  which  are 
able  to  melt  fiber  ribbons  with  up  to  12  fibers 
at  the  same  time.  The  average  splice  attenuation 
for  a  4-fiber  ribbon  is  about  0.02  dB  =  0.02 
dB)  in  case  of  identical  fibers.  The  splice  time 
excluding  the  time  for  the  fiber  preparation  is 
about  1  min  for  a  4-fiber  ribbon.  The  whole  time 
including  the  fiber  preparation  is  about  10  min. 
Depending  on  the  manual  skill  of  the  installation 
staff  time  can  be  gained. 

A  connection  between  fiber  ribbon  and  single 
fibers  is  also  possible  so  that  a  cable  of  the  new 
family  can  be  spliced  to  existing  cable  systems 
with  standard  cables  with  the  same  equipment. 

An  alternative  to  the  fusion  splice  connection  is 
the  use  of  connectors.  They  are  favourably 
employed  where  cables  pre-terminated  in  the 
factory  have  to  be  quickly  connected  in  the  field 
without  special  tools.  Naturally,  the  insertion 
loss  is  higher  with  connectors  than  with  fusion 
splices.  Average  values  for  4-fiber  or  8-fiber 
ribbons  are  about  0.35  dB. 

4.2  Joint  boxes 

In  ordei  to  protect  the  splices  and  connectors 
joint  boxes  are  used.  Concerning  the  Deutsche 
Bundespost  Telekom  thermoplastic  jointing  closures 
for  the  buried  cable  connections  proved  to  be 
good.  They  are  easy  to  handle,  watertight, 
pressure-resistant  and  available  in  different 
sizes  for  cable  connection  and  cable  distribution. 
Within  the  closures  the  fibers  and  splices  are 
arranged  in  splice  boxes  consisting  of  plastic 
which  have  t^n  introduced  by  the  Deutsche 
Bundespost  as  standard. 

For  logistic  reasons  these  joint  and  splice  boxes 
should  also  be  used  for  the  new  cables.  For  all 
circular  cable  constructions  the  closures  can  be 
taken  over  without  change.  Concerning  the 


flat-cables  modifications  of  the  sealing  bodies 
are  necessary.  Up  to  three  flat-cables  are 
practicable  because  of  sealing  problems.  Figure  9 
shows  an  open  closure  for  the  connection  of  round 
ribbon  cable  to  a  standard  cable  with  loose  tubes. 


Fig.  9  Open  Closure  with  Fiber  Ribbons  Spliced 
to  Single  Fibers 


The  standard  splice  box  can  also  be  used  for 
ribbons,  only  the  splice  holders  for  the  splice 
protection  have  to  be  modified. 

4.3  Distribution  technique 

At  the  subscriber  end  of  the  network  a  great 
number  of  cable  distributions  have  to  be  realised 
in  the  case  of  FTTH.  In  order  to  minimize  the 
installation  costs  the  flat-cable  has  been 
developed.  At  the  subscriber  end  it  combines  the 
distribution  and  the  drop  cable  and  makes  it 
possible  to  install  without  joint  boxes  at  few 
mounting  efforts  up  to  the  house.  At  the  junction 
point  of  the  house  only  a  simple  branch  is  to  be 
mounted  which  serves  as  tension  member  and  bending 
protection. 

Although  the  optical  fiber  flat-cable  is  developed 
for  the  branch  to  the  house  without  joint  box  it 
may  be  necessary  to  make  a  connection  to  the 
installed  cable  later  on.  For  this  case  a  cable 
branch  has  been  developed  which  allows  a 
connection  at  a  very  small  space  (Figure  10);  by 
this  the  size  of  the  manhole  can  be  reduced  to 
1  m  X  1  m. 
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Fig.  10  Flat  Cable  Branch  with  Drop  Cable 

The  connection  of  the  fibers  can  be  made  by  fusion 
splices  or  connectors.  For  the  protection  and 
integration  serves  a  slim  cylindrical  body  which 
is  sealed  by  a  shrunk-on  tube.  Possibly  necessary 
additional  fiber  lengths  for  more  splicing  will 
be  taken  from  the  cable. 


4.4  Splitter  installation 


The  high  demands  on  the  return  loss  -  ^  60  dB  - 
and  mechanical  longterm  stablility  at  the  moment 
are  only  met  by  taper  couplers.  Therefore  the 
necessary  optical  splitters  are  connected  in 
cascade  by  single  coupler  elements  (Fig.ll). 

Specifications  for  SM-Taper-Couplers 
for  1310  nm  and  1550  nm 


Temperature  Range  :  -  40*  ...  +  85*  C 

Return-Loss  :  >  60  d6  on  all  Ports 

Bandpass  :  ±  10  nm  within  both  Wovelengths 


Type;  1  ;  2 


IN 


OUT 


Type:  1  :  4 


Insertion-Loss  /  Port: 

typ,  :  -  3.4  dB 
max.  :  —  3.7  dB 


Uniformity: 

max.  :  0.4  dB 

Insertion-Loss  /  Port: 

typ.  :  -  7.0  dB 
max.  :  -  7.6  dB 

Uniformity: 

max.  :  0.8  dB 


Fig.  11  Single  Node  Taper-Coupler  Specification 


This  connection  in  cascade  is  executed  in  the 
factory  in  standard  splice  boxes,  that  means  at 
the  road  works  only  complete  splitter  components 
are  installed.  Depending  on  the  employment  the 
splitters  can  also  be  applicated  together  with 
plugs  as  an  installation  unit.  In  this  case  also 
the  complete  unit  would  be  pre-terminated  and 
measured  in  the  factory  a  1:2  coupler  shows  Fig. 
12. 


Fig.  12  Single  Node  Taper-Coupler  (2x2) 


The  standard  measuring  technique  of  optical  fiber 
networks  is  the  backscatter  method  by  which  the 
defects  can  be  discovered  as  well  as  the 
attenuation  c....  be  measured.  Using  optical 
splitters  in  the  networks  this  technique  can  no 
longer  be  applied  without  restriction.  At  that 
time  all  over  the  world  procedures  and  methods  are 
searched  for  which  allow  the  use  of  OTDR  also  in 
networks  with  optical  splitters. 

4.5  Termination 

By  the  use  of  connectors  for  the  connection  of 
optical  fiber  ribbons  it  is  possible  to  reduce  the 
mounting  efforts  in  the  field.  This  will  be 
obtained  by  cables  pre-terminated  in  the  factory. 
Especially  for  drop  cables  this  technique  is 
suitable  as  normally  only  few  standard  lengths  are 
necessary,  for  example  5  m,  10  m,  30  m.  By  that  in 
addition  the  stock-keeping  will  be  simplified  very 
much.  A  cable  overlength  can  simply  be  layed  down 
in  the  hole  in  front  of  the  lead-in. 


380  International  Wire  &  Cable  Symposium  Proceedings  1992 


From  the  part  of  the  network  the  cables  are 
equipped  with  ribbon  connectors,  from  the  part  of 
the  house  with  the  connectors  specified  by  the 
system  (Fig. 13). 


Fig.  13  Pre-Terainated  Drop  Cable  with  MT  and 
DIN  Plugs 


4.6  Laying  techniques 

The  presented  cable  constructions  with  circular 
cross-section  can  be  installed  with  all  usual 
laying  techniques  that  means  they  can  be  layed 
into  open  trenches  or  in  ducts.  In  duct  systems 
they  can  be  installed  by  air-pressure. 

The  flat-cables  are  predestinated  for  a  laying  in 
an  open  trench  because  of  their  rectangular 
cross-section.  But  due  to  the  high  flexibility  it 
is  also  possible  to  shape  them  to  circular  forms 
along  their  longitudinal  axis  during  the 
installation  and  pull  them  into  the  ducts. 

As  the  laying  of  the  flat-cable  differs  from  the 
usual  and  well-known  laying  techniques  in  the 
following  the  laying  of  a  flat-cable  in  an  open 
trench  will  be  described.  After  the  excavation  of 
the  trench  the  cable  will  be  unwinded  from  the 
delivery  drum  and  layed  in  the  trench  beginning  at 
the  distribution  point  along  the  houses  to  be 
connected.  By  that  an  additional  cable  length  must 
be  taken  into  consideration  by  which  the  distance 
of  the  last  house  to  be  connected  must  be  added 
from  the  distribution  point  to  the  ditch. 
Subsequently  the  cable  elements  for  the 


subscriber,  also  with  an  additional  cable  length, 
are  separated  from  the  flat-cable.  This  can  be 
made  with  a  double-bladed  knife  or  by  tearing  up 
by  hand.  By  tearing  up  by  hand  it  must  be  taken 
care  of  the  single  elements  not  to  be  bended.  At 
the  distribution  point  the  cable  element  is 
protected  against  bending  and  against  high  tensile 
forces  by  a  simple  arrangement. 

For  the  further  laying  of  the  single  elements  to 
the  house  the  weel-known  techniques  can  be  used. 

5.  Fields  trails  results 
5.1  OPAL  6 

In  co-operation  with  the  DBPT  within  the 
scope  of  the  FAST  consortium  the  pilot  project 
OPAL  6  has  been  carried  out.  The  project  is 
concerned  in  innovative  and  low-cost  optical  fiber 
systems,  which  allow  the  supplying  of  the  customer 
with  a  complete  offer  of  services.  This  passive 
network  has  been  planned  for  200  customers  and 
contains  the  two  alternatives  FTTH  (fiber  to  the 
home)  and  FTTC  (fiber  to  the  curb).  The  demands 
for  an  economical  use  of  optical  transmission 
technique  by  an  employment  of  the  optical  fiber 
ribbons  in  the  cable  and  the  splice- free 
installation  technique  by  the  special  optical  flat 
cable  have  been  taken  into  consideration.  With 
FTTH  each  customer  receives  three  optical  fibers 
whereby  two  fibers  are  used  for  the  dialog  service 
and  one  fiber  supplies  cable  television. 

The  connections  of  the  double  passive  star  network 
are  distributed  by  taper  couplers  and  work  by  a 
distribution  factor  of  1/32. 

6.  Outlook 

The  calculation  of  various  network 
architectures  for  the  teleconmunication  of 
different  services  has  shown  that  solution  methods 
can  be  found  which  reduce  the  costs.  One  of  the 
most  important  points  is  that  the  employment  of 
^tical  fibers  is  advantageous  all  along  the  area 
if  greater  switching  centers  are  concentrated. 

On  the  other  hand  this  causes  a  multiple  of  cable 
lengths  to  the  subscriber.  It  has  been  calculated 
that  the  average  subscriber  length  increases  from 
2  km  to  10  km. 

By  using  their  topology  and  passive  optical 
componentens  (splitter)  the  number  of  fibers  in 
the  cable  will  decrease.  It  can  be  expected  that 
the  number  of  fibers  in  the  main  cables  will 
obviously  be  under  SO  fibers  and  in  the 
distribution  area  not  more  than  200  fibers  per 
cable  will  exist.  From  the  curb  point  or  the 
building  point  the  fiber  number  to  the  subscriber 
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will  be  around  10  and  less.  Regarding  the  services 
and  the  technique  it  seems  to  be  useful  to  supply 
all  buildings  in  the  future  with  4-fiber  basic 
elements. 

The  efforts  for  the  managing  of  such  an 
installation  with  ribbon  elements  may  be 
cost-reducing. 

In  the  future  it  will  be  surely  of  great 
importance  to  supply  hybrid  cables  from  the  curb 
point  (double  copper  cores  combined  with  optical 
fibers  in  a  proportion  of  copper /OF  =  5/1),  as 
necessarily  the  laying  costs  and  the  saving  of 
material  at  the  cable  will  reduce  the  costs. 

Besides  the  development  of  pure  optical  fiber 
cables  the  hybrid  cables  will  become  more 
important  in  the  future,  because  the  existing 
copper  networks  should  be  integrated  into  the  new 
conceptions  with  optical  fibers. 
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I.  ARRTRACT 

Recently,  optical  parallel  transmission 
systems  between  equipment  suck  as  computers  have 
been  studied  in  various  fields  from  the 
viewpoint  of  transmitting  and  processing  large 
volumes  of  information. 

The  delay  time  difference  (skew)  of  signals 
between  optical  fibers  becomes  an  important 
factor  in  optical  parallel  transmission, 
requiring  the  skew  to  be  minimized  for 
transmission  of  larger  volumes  of  information. 
In  this  respect,  ribbon  fiber  is  most  suitable 
for  use  in  optical  parallel  transmission  because 
the  physical  length  of  individual  optical  fibers 
may  be  equal  i  zed. 

In  this  study.  We  fabricated  40-fibet  ribbon 
arrays  available  for  the  optical  parallel 
transmission,  and  evaluated  them  mainly  about 
skew. 

2.  FABRICATION  QF  40-FlBER  ARRAY 

A  cross  section  of  40-fibet  ribbon  array  is 
shown  in  Fig.  1.  Forty  single  mode  (SM)  optical 
fibers  are  arranged  in  a  row,  and  the  dimensions 
of  this  ribbon  array  are  10.4mm  in  width  and 
0.4mm  in  thickness.  The  manufacturing  process  of 
40-fiber  ribbon  array  comprises  two  steps!  the 
first  step  of  bonding  ten  SM  optical  fibers  into 
a  10-fiber  ribbon  array,  and  the  second  step  of 
binding  four  10-fiber  ribbons  to  compose  a  40- 
fiber  ribbon  array. 


# 

fig.  1  Sectional  View  of  40-Fiber  Ribbon  Array. 


In  fabrication  of  10-fiber  ribbon  array, 
difference  in  strain  may  occur  in  the  individual 
optical  fibers  due  to  difference  or  fluctuation 
of  supply  back  tension  or  the  like.  Furthermore, 
the  sectional  shape  of  ribbon  fiber  may  have 
structural  nou-uni form! ty,  such  as  curve,  uneven 
thickness  of  coating,  and  misalignment  of  cores. 


These  structural  non-uniformity  may  affect  the 
skew  of  the  ribbon  fiber,  and  so  should  be 
minimized  as  possible.  Similarly,  in  the 
manufacture  of  40-fibet  ribbon  array,  the 
supplied  lO-fiber  ribbons  must  be  stabilized, 
and  the  bind  shape  between  lO-fiber  ribbons  must 
be  made  uni  form. 


Photo  1  10-Fiber  Ribbon  Array 


Photo  2  40-Fiber  Ribbon  Array 
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Photo  1  aad  Photo  2  show  the  sectioDal  views 
of  the  10-(iber  and  40-liber  tibboo  array, 
EvaluatioD  of  atteouatioo,  temperature  cycling, 
and  mechanical  stability  of  the  40- fiber  array 
brought  satisfactory  results  as  compared  with 
the  conventional  r i hhon  fibers. 


3.3  Skew  bv  Structural  No n-un i  f o rmi  t v  of  itihhoii 
filit. 


3.  SKEW  FACTOR  ANALYSIS 

The  following  three  factors  can  he  listed  as 
the  causes  for  skew  which  occurs  with  ribhon 
fiber: 

f.  Difference  in  signal  propagation  time  caused 
by  fiber  parameter  deviation. 

2.  Difference  in  residual  distortion  during 

r i bbn  fiber  manufacture. 

3.  Difference  in  Physical  length  caused  hy 

structural  non-uniformity  of  rihbon  fiber. 

3.1  Skew  Caused  bv  Fiber  Parameter  Deviation. 


Physical  length  of  optical  fibers  wound  on  a 
bobbin  or  drum  differ  due  to  strain  applied  to 
cores  if  ribbon  fiber  has  curves  or  mi  sal ignmeci. 
If  the  structural  non-uniformity  of  ribbon 
fibers  enlarges,  the  effect  on  skew  cannot  be 
ignored.  The  value  of  skew  caused  by  structural 
non-uniformity  of  ribbon  fiber  is  calculated 
from  the  diameter  r  of  a  take-up  bobbin  and  the 
misalignment  dimension  d  of  the  ribbon  fiber. 
The  physical  length  d i f f e rence  l  caused  between 
optical  fibers  when  ribbon  liber  is  wound  on  a 
bobbin  for  the  length  L  can  be  given  as 


Using  optical  fiber  parameters,  the 
delay  time  t  can  be  given  as 


ct=4r-N7  ( l+A 
d  k 


d(ub)  . 
d  V 


(  1  ) 


fiber 


where  J3  is  a  propagation  constant,  v  is  a 
normalized  frequency,  N  is  a  group  refractive 
indei,  and  A  is  the  relative  indei  difference,  b 
is  a  normalized  variable  of  ^  and  can  be  written 
as 


k’n:’-k’n,» 


(2) 


where  ni  and  nj  are  refractive  indexes  of  single 
mode  (SM)  optical  fiber  core  and  cladding.  In  SM 
optical  fibers,  v  can  be  obtained  from  the 
cutoff  wavelength  Xc,  normalized  cutoff  frequency 
fc  (=2.  4  0  5)  and  operating  wavelength  X,  and  the 
relation  between  v  and  b  can  be  obtained  from  a 
dispersion  curve.  Therefore,  skews  in  SM  ribbon 
fibers  are  determined  from  deviation  of  the  A 
values  and  cutoff  wavelength  Xc  of  individual 
cores  in  ribbon  fibers. 


The  skew  t  between  cores  can  be  written  as 
follows  if  the  photo-elastic  effects  are  taken 
into  consideration: 


«-N 


/cdLN 
c  r 


(6) 


Fig. 2  Physical  Length  Difference  Caused  by  the 
Structural  Non-uniformity  of  Ribbon  Fiber. 


4.  .SKEW  MEASIIRINC  METHOD 


3.2  Skew  bv  Residual  Distortion  of  Ribbon  Fiber. 

Residual  strain  differences  between  cores  are 
caused  by  difference  of  supply  back  tensions  of 
uncoated  fibers  during  the  manufacture  of  ribbon 
fiber.  the  effect  of  the  residual  strain 
differences  on  skew  of  ribbon  fiber  must  be 
taken  into  consideration. 

The  delay  time  t  in  optical  fiber  in  the 
length  of  L  applied  with  strain  e  are  given  as 

(3) 

where  x  is  a  photo-elasticity  coefficient.  The 
skew  t  between  cores  in  ribbon  fiber  of  length 
I  applied  with  strain  £i  and  £2  («1)  can  be 

given  as 


Fundamentally,  the  ribbon  fiber  skew  is 
measured  by  a  method  similar  to  that  applied  to 
measuring  chromatic  dispersions  of  SM  optical 
fibers.  Utilizing  the  apparatus  for  measuring 
chromatic  dispersions,  instead  of  changing  of 
wavelength,  fibers  to  be  measured  are  changed  in 
succession  to  obtain  relative  skews  among  fibers. 
The  apparatus  for  measuring  skew  by  phase  shift 
method  is  shown  in  Fig. 3.  The  light  sinusoidally 
modulated  is  driven  into  a  core  of  the  ribbon 
fiber,  and  the  light  emitted  from  the  fiber  is 
converted  into  an  electrical  signal  by  a 
photodetecur.  The  phase  angle  difference  of  this 
output  light  to  reference  signal  is  measured  on 
each  core  of  the  ribbon  fiber,  and  gives  the 
delay  time  difference  from  the  reference  signal. 
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5.  2  40-Fiber  ARRAY 


Test 


Figure  3  Apparatus  (or  Measuring  Skew  by  Phase 
Shift  Method. 


5.  SKEW  OF  dO-FlBER  ARRAY 

The  skew  was  measured  in  the  10-fiher  and  40- 
fiber  array.  In  this  paper,  the  unit  of  ^kew  is 
standardized  in  the  value  of  the  delay  time  per 
100m  (ns/lOOm). 

5.  1  10-Fiber  Array 

Figure  4  shows  the  result  of  measuring  skew 
of  10- fiber  tibf'''o.  In  the  diagram,  the  axis  of 
abscissas  denotes  the  core  wire  number  of  the 
ribbon  fiber,  and  the  axis  of  ordioat‘$ 
indicates  Ibe  difference  of  Ibe  delay  time  per 
unit  length  from  that  of  the  core  wire  No.  1.  The 
length  of  the  10-fiber  ribbon  was  1000m,  and  the 
skew  was  measured  in  the  wound  state  on  the 
bobbin  of  280mm  in  diameter.  To  clarify  the 
factors  for  causing  skew,  optical  fibers  of  a 
single  preform  were  applied  in  all  cores  in  the 
10-fiber  ribbon.  Accordingly,  the  factors  for 
causing  skew  were  limited  to  the  residual  strain 
in  fabrication  ,  or  the  difference  in  physical 
length  doe  to  structural  non-uniformity  of 
ribbon  fibers.  In  Fig. 4,  in  the  IO-(iber  array, 
it  was  observed  that  the  delay  time  tends  to 
become  smaller  as  going  from  the  core  wire  of 
both  edge  toward  th:  central.  The  maximum  value 
of  measuring  skew  was  0.  120  ns/lOOm. 


Figure  5  shows  the  result  of  measuring  skew 
of  40-fiber  ribbon  array  fabricated  from  the  10- 
fibet  ribbon  mentioned  above.  As  compared  with 
the  measurement  in  10-fiher  array  indicated  ny 
interrupted  line,  the  tendency  of  the  delay  time 
in  the  10-fiher  ribbon  was  almost  inverted  in 
magnitude.  This  is  because  the  face  and  hack 
sik  to  the  wound  bobbin  of  the  ID-fiher  rihbon 
were  reversed  when  fabricating  the  40-fiber 
ribbon,  and  therefore  the  magnitude  of  the 
strain  applied  to  the  core  wire  in  the  40-fiher 
array  wound  on  a  bobbin  was  varied.  It  was  also 
observed  that  the  delay  times  tend  to  become 
larger  in  the  core  closer  to  the  bind  between 
10-(iber  ribbon.  This  is  because  the  non- 
uniformity  of  the  bind  shape  had  the  section  of 
40-(iber  ribbon  slightly  curved,  thereby  causing 
a  difference  in  the  physical  length  due  to  the 
corresponding  strain  when  wound  on  a  bobbin. 


Figure  5  Skew  of  40-Fiber  ribbon  array 


i-J _ Effects  of  Fiber  Parameter 

To  evaluate  the  effects  of  fiber  parameters 
on  the  skew,  10-fiber  ribbon  composed  of  optical 
fibers  in  several  preforms  were  separately 
fabricated.  Table  1  shows  the  relative  index 
difference  A  and  cut-off  wavelength  h  of 
optical  fibers  for  composing  the  10-(iber  ribbon. 
The  result  of  measuring  skew  in  the  10-fiber 
ribbon  wound  up  on  a  bobbin  of  280mm  in  diameter 
was  shown  in  Fig. 6,  but  the  results  also  include 
the  effects  of  the  structural  non-uniformity  of 
the  ribbon  fiber  as  mentioned  above. 


Table  1  Fiber  Parameters  for  Composing  the  10- 
Fiher  Ribbon. 
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Figure  6  Skew  of  10-Fiber  Ribbon  Array. 

(Those  fiber  parameters  are  given  in  Table  1) 


Figure  8  Measured  and  Theoretical  Value  of  Skew 
of  4D-fiber  Ribbon  No.  2. 


In  the  state  of  the  cable  fabricated  from  the 
40-fiber  ribbon,  the  skew  was  measured  again. 
The  cable  was  in  flat  structure,  and  measured  in 
the  state  wound  n  on  a  drum  of  1200mm  in 

diameter,  and  so  ii  is  expected  that  the  skew 
due  to  structural  non-uniformity  of  the  ribbon 
fiber  would  be  1/4  or  less.  The  results  of 

measurement  are  shown  in  Fig. 7  and  Fig. 8  in 

comparison  with  the  values  of  the  delay  iime 
difference  calculated  by  using  Formula  (1)  and 
the  fiber  parameter  in  Table  1.  The  values  of 
measuring  skew  of  both  10-fiber  array  nearly 
reflect  the  parameter  of  the  constituent  optical 
fiber  in  ribbon.  That  is,  since  the  relative 
indei  difference  A  and  the  cut-off  wavelength  Xt 
determine  the  signal  propagation  time  of  optical 
fiber,  the  skew  of  the  ribbon  fiber  can  be 

limited  by  controlling  them. 


Figure  7  Measured  and  Theoretical  Value  of  Skew 
of  40-fiber  Ribbon  No.  1. 


6.  SUMMARY 

The  40-fiber  ribbon  array  was  fabricated  for 
the  purpose  of  a p p I y i n "  to  the  optical  parallel 
transmission,  and  its  performance  including  the 
skew  were  evaluated. 

1)  The  attenuation,  temperature  cycling,  and 
mechanical  stability  of  the  4D-fiber  array 
were  equal-  to  those  of  conventional  ribbon 
fibers. 

2)  The  sectional  structure  of  the  40-fiber  array 
contribute  the  measurement  of  skew  in  the 
bobbin  wound  state.  To  minimize  the  skew,  it 
is  necessary  to  reduce  this  structural  non- 
uii  formi  t  y. 

3)  The  relative  index  difference  A  and  cut-off 
wavelength  A.i  of  the  SM  fiber  determine  the 
signal  propagation  time,  and  therefore  the 
skew  of  the  ribbon  fiber  may  be  limited  by 
controlling  the  fiber  parameters  composing  the 
ribbon  fiber. 
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ABSTRACT 

A  new  optical  fiber  aerial  cable  in  figure-eight 
fashion  was  designed  based  upon  slotted  rod  units 
with  four-fiber  ribbons  and  the  reverse  lay 
technique.  In  designing  aerial  optical  fiber  cables,  it 
is  important  to  reduce  the  stresses  added  to  the 
optical  fibers.  The  adopted  technique  for  reducing 
the  above  stresses  is  to  add  excess  fiber  length  by 
the  reverse  lay  stranding  method.  In  this  cable,  the 
stress  added  to  the  optical  cable  is  absorbed  by  the 
slip  of  the  optical  fiber  units  circumferentially  on 
the  central  member.  A  one-hundred-fiber  cable 
with  four-fiber  ribbons  was  made.  It  was  clarified 
that  the  fiber  elongation  of  the  cable  designed  on 
the  basis  of  the  above  concept  was  1/4  of  the  cable 
elongation  and  this  cable  was  subjected  to  several 
mechanical  and  environmental  tests,  consequently, 
it  was  verified  that  the  cables  had  sufficient  cable 
strength  and  reliability. 


1.  Introduction 

It  has  become  popular  to  use  optical  fibers  in  the 
transmission  lines,  because  of  their  large 
transmission  capacity.  In  Japan,  one-thousand-fiber 
water  proof  cable  was  developed  and  has  been  used 
in  practical  subscriber  networks ')2).  With  the 
increase  of  the  application  of  optical  fibers  to 
subscriber  networks,  several  types  of  the 
distribution  cables  such  as  helically  slotted-core 
cable  using  four-fiber  ribbons^),  reverse-lay 
slotted-core  cable  using  two-fiber  ribbons'*)  and 
others  were  developed  and  have  been  introduced  to 
subscriber  networks. 

Distribution  cables  are  generally  installed  on  poles 
as  well  as  ducts.  In  the  case  of  aerial  distribution 
optical  fiber  cables,  stresses  due  to  installation 
stretching,  temperature  change,and  wind  and  snow 
are  added  to  the  optical  fibers  in  the  cable.  These 
stresses  degrade  the  life  time  of  the  optical  fibers, 
sc  many  structures  of  the  aerial  cables  are  designed 
and  tested  extensively*)-#)-’)-*). 


In  this  paper,  we  show  a  new  structure  of  a  aerial 
cable  based  upon  the  slotted  rod  units  and  reverse- 
lay  technique. 


2.  Design  criteria 

Cables  that  are  used  in  the  subscriber  network 
should  satisfy  the  following  requirements: 

1)  high  fiber  count, 

2)  easy  installation, 

3)  rapid  cable  joining  capability, 

4)  mid-span  access  capability. 

In  order  to  realize  the  above  requirements,  it  is 
known  to  use  the  slotted  rod  cable  using  four-fiber 
ribbons. 

Moreover,  in  designing  the  aerial  cable,  span 
between  poles,  sag  of  the  cable  and  wind  pressure 
must  be  determined.  We  adopted  these  values  as 
follows: 

Span  between  poles  45  m, 

Wind  pressure  1  lOkgf/m’, 

Sag(at  35'C)  70cm. 

From  the  view  point  of  the  life  time  of  the  optical 
fiber,  the  maximum  cable  elongation  is  set  below 
0.2%. 

This  value  assures  that  the  fiber  failure  probability 
is  less  than  ten  Fits/fiber  /100km  for  twenty  years9). 

3. Cable  design 

There  are  two  major  concepts  for  protecting  the 
optical  fiber  from  stretching  forces.  One  is 
suppressing  the  cable  elongation  by  enlarging  the 
cable  modulus  or  adopting  the  optimum  cable 
shape*)-'®),  the  other  is  including  the  excess  fiber 
length  in  the  cable  design  to  relieve  fiber  stretching 
force*)-®)-’). 
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3-1.  Excess  fiber  length 

To  give  the  excess  fiber  length,  it  is  popular  to  use 
the  loose  tube  structure.  In  this  method,  the  excess 
fiber  length  is  determined  by  the  lay  length(s),  the 
stranding  radius  of  the  loose  tube(R),  the  tube  inner 
radius(Ri)  and  the  radius  of  coated  fiber.  Assuming 
that  the  fibers  in  an  unstressed  cable  are  in  the  axes 
of  the  tubes,  the  excess  fiber  length  (e)  can  be 
calculated  by  Eq.(l): 

e=27t25R/s2(2R-6R)  (1) 

This  time,  we  have  tried  to  get  the  excess  fiber 
length  by  other  method  and  investigated  the  effect 
on  fiber  relaxation.  The  adopted  technique  is  the 
combination  of  the  unit  reverse  lay  method. 
Assuming  that  the  rotation  angle  of  the  optical  units 
as  a  function  of  cable  length  can  be  expressed  as  a 
sine  function,  the  excess  fiber  length  can  be 
calculated  by  Eq.(2): 

e=(7tRi3)Vs2  (2) 

wherein  we  assume  the  stranding  radius  of  the 
optical  unit  is  much  smaller  than  the  lay  length  (s  is 
larger  than  20R). 

3-2.  Fiber  elongation  in  the  trial  cable 

The  optical  units  are  fastened  to  the  central  member 
by  wrapping  tapes  or  other  materials,  so  not  all  the 
fiber  excess  length  can  contribute  to  the  stress 
relaxation.  The  factors  that  dominate  the  stress 
relaxation  are  the  reverse  lay  angle,  the  reverse  lay 
length  and  the  friction  between  the  optical  units  and 
the  central  member.  Fig.l  shows  the  schematic 
diagram  of  the  newly  designed  optical  cable.  The 
reverse  lay  angle  of  the  optical  units  along  the  cable 
axis  is  shown  in  Fig.2.  The  solid  curve  shows  the 
lay  angle  of  the  optical  units  in  an  unstressed  cable. 
When  the  cable  is  stretched,  the  optical  units  are 
also  elongated,  however,  the  elongation  of  the 
optical  units  will  be  smaller  than  that  of  the  optical 
cable  because  the  optical  units  slip  in  the  cable. 
Assuming  that  the  slip  of  the  optical  units  occurs 
only  circumferentially  on  the  central  member,  the 
lay  angle  can  be  shown  as  the  broken  curve  in 
Fig.2.  In  addition,  regarding  the  curves  that  show 
the  lay  angles  as  a  combination  of  the  catenary 
Cl  rves  with  alternatively  changing  the  directions  to 
opposite  side.  With  above  assumption,  the 
n.lationship  between  the  cable  elongation  and  the 
optical  unit  elongation  can  be  expressed  by 
Bi.(3)"). 


the  newly  designed  cable. 


R) 

< - > 


Fig.  2  Rotation  angle  of  the  unstressed  cable 
and  the  stressed  cable. 


Aeu3-Beu2=C  (3) 

A=po2+2(ro'd)V3 

B=po2ei-2(rod)V3 

C={Ppo4(l-t-E.p}/{24(EA)2) 

where  eu=Unit  elongation 
Es=Cable  elongation 

po=Reverse  lay  length  in  an  unstressed  cable 
ro=Stranding  radius  of  the  optical  units 
i5=Reverse  lay  angle  (radian) 
f=Friction  force  between  the  optical  units 
and  the  central  member 
E=Young's  modulus  of  the  unit 
A=Area  of  the  unit 

In  Eq(3),  friction  force  between  the  optical  units 
and  the  central  member  is  the  drawing  force  of  the 
optical  units  during  being  pulled  out  of  the  cable. 
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Fig. 3  shows  the  relationship  between  the  cable 
elongation  and  the  fiber  elongation.  In  the 
calculations,  the  stranding  radius  of  the  optical  units 
is  4.3nim,  the  fiction  between  the  optical  units  and 
the  central  member  is  8kgf/m  and  EA  is 
lOOOOOkgf.  The  fiber  elongation  under  those 
conditions  is  estimated  at  0.07%  when  the  cable 
elongation  is  0.2%. 


0  0.1  0.2  0.3  0.4  0.5 


Cable  elongation  (%) 

Fig.  3  Relationship  between  fiber  elongation 
and  cable  elongation. 

3-3.  Suspension  wire 

EA  of  the  suspension  wire  must  satisfy  the 
following  relation'O). 


Herein,  the  stable  state  means  that  the  cable 
temperature  is  35‘’C,  the  sag  of  the  cable  is  70cm 
and  there  is  no  wind.  Considering  the  design 
criteria,  the  EA/W  was  calculated  as  a  function  of 
the  span  between  poles.  The  result  is  shown  in 
Fig.4.  When  the  cable  weight  and  height  are 
0.3kg/m  and  25mm,  respectively,  seven  suspension 
wires  of  1mm  diameter  each  satisfy  the  above 
condition. 


Span  between  poles  (m) 

Fig.  4  Relationship  between  EA/W  and 
pole  span. 


EA>W12/lp(24qP+64do)i/2)  (4) 

W={Wo2+(hPw)2)i/2 

p=es-a(t-to') 

q=e$-a(to-to') 

where  E=Young's  modulus  of  the  suspension  wire 
(18000kgf/mm2) 

A=Area  of  the  suspension  wire 
W=Effective  cable  weight 
Wo=Cable  weight 
h=Cable  height 

Pw=Wind  pressure(110kgf/m2) 

I=Span  between  poles 

do=Sag  of  the  cable  in  the  stable  state(70cm) 
a=Linear  expansion  coefficient 
£t=AlIowable  cable  elongation 
t=Temperature  in  deployed  cable 
to=Temperature  in  the  stable  state(35°C) 
to’=Temperature  in  cable  manufacturing 
(20‘C) 


4.  Cable  structure 

Fig.5  shows  the  newly  designed  one-hundred-fiber 
aerial  cable.  The  optical  unit  consists  of  a  slotted 
rod  with  a  four-fiber  ribbon  in  each  slot  These 
units  are  stranded  on  a  central  member  in  the 
reverse  lay  fashion.  The  water  proofing  is  achieved 
by  jelly  compound  in  the  slots  and  water  swellable 
materials  outside  of  the  units.  The  diameters  of  the 
optical  units  and  cable  core  are  5mm  and  15.5mm. 
Considering  the  mid  .span  access,  the  reverse  lay 
length  and  angle  are  500mm  and  2rc,  respectively. 
From  these  values,  the  unit  excess  length  is 
calculated  as  0.7%  using  Eq.(2). 
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UV-curable 

resin 

SM  fiber 


Wapping  tape 
Slotted  rod 
Jelly  compound 


Four-fiber  ribbon 


Suspension  wire 
Lap  sheath 

Water  swellable  tape 
Water  swellable  yam 
20-fiber  unit 
Central  member 

100-fiber  aerial  cable 


20-fiber  unit 

Fig.  5  Structure  of  the  newly  designed  aerial  cable. 


5.  Cable  performance 
5-1.  Stretching  test 

Fig.  6  shows  the  result  of  the  stretching  test.  The 
fiber  elongation  is  as  small  as  1/4  of  the  cable 
elongation.  This  result  shows  that  the  reverse  lay 
method  has  the  expected  relaxation  effect. 

5-2.  Loss  stability 

Fig.7  shows  the  losses  in  the  cable  manufaturing 
process  and  after  installation.  The  loss  change 
through  cable  manufacturing  process  was  less  than 
0.02dB/km  in  both  1 .3pm  and  1 .55pm  wavelength 
or  no  loss  increase  was  observed  after  cable 
installation. 

Fig.8  shows  the  result  of  the  cyclic  temperature 
test.  Through  the  temperature  change  between 
-40'C  and  70°C,  the  loss  change  was  less  than 
0.05dB/km  in  1 .55pm  wavelength. 

Fig.9  shows  the  loss  histogram  of  the  deployed 
cable.  The  maximum  loss  of  the  cable  was 
0.24dB/km  after  one  year  deployment. 

5-3.  Mechanical  properties 

The  result  of  the  mechanical  tests  are  listed  in 
table  1.  Bending,  stretching,  crush,  vibration, 
impact  and  squeezing  tests  are  performed.  During 
these  mechanical  tests,  no  degradation  of  the 
transmission  characteristics  or  injury  was  observed. 


Added  load  (kgf) 

Fig.  6  Result  of  cable  stretching  test. 


Fig.  7  Loss  manufacturing  process  and 
after  installation. 
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Fig.  8  Temperature  chracteristics  of  the  optical  loss. 


6.  Conclusion 

A  new  optical  fiber  aerial  cable  was  designed  based 
upon  the  slotted  rod  unit  and  the  reverse  lay 
technique.  The  difficulty  in  designing  this  cable  is 
to  determine  the  optimum  reveres  lay  length  and 
the  reverse  lay  angle  of  the  units  in  order  to 
suppress  the  fiber  elongation.  By  using  the  reverse 
lay  technique,  we  made  a  water  proof  aerial  cable 
that  consisted  of  slotted  rod  units  with  four  fiber 
ribbons  and  could  limit  the  fiber  elongation  to  1/4 
of  the  cable  elongation.  This  cable  was  subjected  to 
several  mechanical  and  environmental  tests,  and 
consequently,  it  was  verified  that  the  cables  had 
sufficient  strength  and  reliability. 


100 

80 

1  year  passed. 

Ave.=0.21dB/km 

N=100 

--  60 
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g  40 

3 

— 

i"  20 

1  1 

^  0.19  0.21  0.23 

0.20  0.22  0.24 

Loss  (dB/km) 

Fig.  9  Loss  histogram  of  the  deployed  cable. 


Table  1  Mechnical  propertyies  of  the  newly  designed 
one-hundred-fiber  aerial  cable 


Item 

Condition 

Result 

Bending 

R=200mm, 

Iturn 

less  than  O.OIdB/turn 

Stretching 

up  to  0.2% 
elongation 

less  than  O.OldB/IOOm 

Crush 

up  to 

2500N/50mm 
of  lateral  force 

less  than  0.01dB/50mm 

Vibration 

10Hz,  5mm 
of  amplitude, 

1  million  times 

less  than  O.OIdB/m 

Impact 

1kg, 

1m  height 

less  than  O.OIdB 

Squeezing 

R=200mm, 
up  to  0.2% 
elongation 

less  than  0.01  dB/1 00m 
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Abstract 

The  applicability  of  the  high  strength  splice  and 
restoration  coating  technique  to  optical-fiber  ribbon  was 
examined.  The  optical-fiber  ribbon  containing  spliced 
fibers  could  be  used  in  the  submarine  cables  with  the 
slotted  rod  spacer  and  ribbon  type  structure,  in  order  to 
obtain  the  continuous  long  len^h  cable  by  splicing  the 
shorter  fibers.  The  high  strength  splice  and  restoration 
coating  technique  has  already  been  accomplished  and 
used  in  practical  submarine  cables.  However,  the 
applicability  of  this  technique  to  fiber  ribbon 
manufacturing  has  not  been  studied. 

We  manufactured  4-fiber  ribbons  with  spliced 
fibers  (250Mm<ti  coated  fibers  )  and  examined  their 
reliability  and  properties  in  the  slotted  rod  spacer  type 
cable.  The  test  results  showed  sufficient  performance  for 
practical  use. 


1  ■  Introduction 

Recently,  the  demands  for  optical  tele¬ 
communication  service  are  becoming  greater  and 
getting  various.  In  the  field  of  fiber-optic  submarine 
cables  for  the  domestic  trunk  networks,  a  high-count, 
high-  density  cable  is  becoming  increasingly  required 
for  large  capacity  transmission. 

In  1989,  Yoshizawa  et  al.  (  NTT  Japan  )  proposed 
a  one-hundred-fiber  submarine  cable  with  a  slotted  rod 
spacer  and  fiber-ribbon  type  structure  for  the  first  time  in 
the  world  L  This  type  of  submarine  cable  would  be  used 
for  non-repeated  system  used  in  shallow  sea.  The 
slotted  rod  spacer  and  fiber-ribbon  type  structure  is  used 
commonly  for  terrestrial  cables  in  Japan.  From  the 
aspects  of  manufacturing  and  handling,  it  is  the  most 
suitable  structure  for  high-count,high-density  fiber-optic 
cables. 

This  study  has  aimed  to  develop  the 
manufacturing  technique  of  fiber  ribbon  which  would  be 
used  in  this  type  of  submarine  cabie. 

On  the  other  hand,  in  the  field  of  the  fiber-optic 
submarine  cables,  high  strength  splicing  with  restoration 
coating  is  commonly  used  2,3  .  This  is  because  the 
optical  submarine  cables  require  high  strength  fibers 


and  continuous  long  cable  length.  Thus  the  fibers  for 
submarine  cables  must  be  exposed  to  a  high  level 
screening  test  and  the  survived  fibers  shorter  than  the 
full  span  length  of  cable  should  be  spliced  together  in 
order  to  obtain  the  required  length. 

In  the  case  of  the  new  structure  submarine 
cables,  4-fiber  ribbons  are  required.  Thus  the  spliced 
fibers  should  be  arranged  closely  side  by  side  with  other 
fibers  to  be  made  into  a  ribbon.  Hence  there  is  a 
possibility  of  toss  increase  caused  by  the  influence  of 
neighboring  fibers.  This  is  because  the  restoration 
coating  diameter  should  be  slightly  larger  than  that  of 
original  fiber  coating  layer.  Moreover,  the  spliced 
portions  in  the  ribbons  should  experience  cabling 
process  and  finally  be  stuffed  into  a  slot  tightly.  This 
might  cause  the  degradation  of  transmission  properties. 

From  these  reasons,  we  focused  on  the 
examination  of  the  influences  of  ribbon  and  cable 
manufacturing  process  on  splice  loss  properties. 

In  this  paper,  the  high  strength  splicing  and 
restoration  coating  technique  will  be  described.  After 
that,  we  refer  to  the  examination  and  manufacturing  test 
performed  on  the  spliced  fibers. 

Throughout  the  experiments,  the  spliced  fibers 
showed  sufficient  performance  for  practical  use  and  we 
confirmed  the  applicability  of  our  high  strength  splice 
and  restoration  coating  technique  to  the  submarine 
cables. 


2.  High  strength  splicing 
2.1  Splicing  properties 

The  degradation  of  fiber  tensile  strength  in 
spliced  portion  is  caused  by  the  mechanical  damages 
on  the  glass  fiber  surface.  Thus  for  the  high  strength 
splicing,  it  is  essentially  important  to  protect  the  fiber 
surface  from  the  mechanical  damages.  In  order  to 
protect  the  fiber  surface  the  thin  film  coating  method  has 
been  developed  and  used  in  our  study  This 
technique  is  to  cover  the  bare  fiber  portion  in  order  to 
avoid  the  damages.  The  thin  film  coating  is  made  with 
UV  curable  resin  and  the  thickness  of  the  film  is  about 
Sum. 
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Fig.  1  Tensile  strength  distribution  of 
high  strength  splice 


Fig.  2  Splice  loss  distribution  of  high  strength  splice 

Fig.  1  shows  the  tensile  strength  distribution  of 
high  strength  splices.  The  average  tensile  strength  was 
2.5kgf.  Fig.  2  shows  the  splice  loss  distribution.  The 
average  splice  loss  was  0.077  dB/splice  in  our 
experiments.  These  splicing  tests  were  carried  out  on 
Ge-doped  silica  core  single-mode  fibers  of  which  the 
mode  field  diameters  at  the  wavelength  of  1  .S^m  were 
9.4fim  in  average. 

2.2  Restoration  coating 

Every  spliced  portion  was  restored  with  UV 


-24mm 

C3 

H)iice  point 


Spice  point 

Original  fiber  coating  Restoration  coating 

(250Mm4>)  (~265Mm<|») 


Fig.  3  Restoration  coating  structure 


curable  resin  up  to  almost  the  same  diameter  as  the 
original  fiber  coating  layer.  Fig.  3  demonstrates  the 
schematic  structure  of  the  restored  spliced  portion.  The 
length  and  diameter  of  restoration  coating  were  about 
24mm  and  265Mm(t>.  respectively. 

The  reliability  and  mechanical  properties  of  the 
restored  spliced  portions  were  examined  and  reported 
in  references  [4],  [5]  .  The  spliced  fibers  showed 
sufficient  performances  on  the  tests. 


3.  4-fiber  ribbon  with  spliced  fibers 
3.1  Ribbon  structure 

Fig.  4  shows  the  cross  section  of  the  4-fiber 
ribbon  with  250um(|>  UV  curable  resin  coated  fibers 
manufactured  in  our  experiments  and  the  perspective 
view  of  the  spliced  portion  in  the  ribbon.  It  has  the  same 
structure  as  that  of  the  4-fiber  ribbon  which  are  used  in 
tfie  terrestrial  fiber-optic  cables.  The  thickness  and  width 
of  the  ribbon  were  0.4mm  and  1.1mm,  respectively. 


0.4min 


Fig.  4  Ribbon  structure 


3.2  Properties  of  ribbon  with  spliced  fibers 

First,  the  ribbon  manufacturing  test  was  carried 
out  to  confirm  the  basic  properties  of  spiced  fibers  in  the 
ribbon.  The  Ge-doped  silica  core  single-mode  fibbers 
were  used.  The  fiber  parameters  were  as  follows  ;  the 
mode  field  diameter  at  X=1.3Mm  was  9.4Mm  ;  the 
effective  cut-off  wavelength  was  1 .25Mm  ;  fiber  diameter 
was  125Mni  ;  coating  layer  diameter  was  250um.  The 
fiber  coating  was  composed  with  UV  curaPe  resin  and  it 
had  the  douPe  layered  structure. 

Fig.  5  describes  the  composition  of  the 
experimentally  manufactured  ribbon.  The  #i  and  #3 
fibers  of  the  ribbon  were  divided  into  eight  parts  and 
each  of  them  contained  ten  serial  splices.  Thus  these 
fibers  contained  eighty  spices  in  all.  For  the  #2  and  #4 
fibers,  non-spiced  fibers  were  used. 

Table  1  shows  the  spice  loss  and  transmission 
loss  change  in  the  spliced  and  non-spiced  fibers  due  to 
ribboning  pocess.  The  splice  losses  were  measured 
with  OTDR  at  the  wavelength  of  1  .SSpm.  In  the  OTDR 
traces  of  #1  and  #3  fibers,  eight  steps  appeared 
corresponding  to  the  ten  serial  spices  and  derived  the 
average  splice  losses  of  ten  serial  spices  from  the 
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height  of  the  steps.  The  measurements  were  made  from 
both  direction.  The  transmission  loss  measurements  of 
non-spliced  fibers  were  also  done  with  OTDR. 

As  shown  by  table  1,  the  difference  of  splice 
losses  between  before  and  after  the  ribboning  was  only 
O.OtdB/splice  in  average.  Taking  into  account  the 
accuracy  of  the  measurement  it  can  be  concluded  that 
the  ribboning  process  causes  no  splice  loss  changes. 

The  transmission  loss  changes  in  non-spliced 
fibers  were  0.07  and  0.04  dB/km  in  #2  and  #4  fibers, 
respectively.  Assuming  that  these  transmission  loss 
changes  were  caused  by  the  neighboring  fibers'  spliced 
portions,  the  influence  of  one  splice  was  less  than 
0.002dB.  Considering  the  practical  use  of  spliced  fibers 
in  submarine  cables,  the  spliced  portions  would  be 
contained  at  the  interval  of  about  longer  than  ten 
kilometers.  Thus  it  can  be  concluded  that  the  influences 
of  spliced  portions  on  neighboring  fibers  are  negligibly 
small. 


Fig.  5  Manufactured  ribbon  composition 


Table  1  Splice  loss  and  transmission  loss  changes 
due  to  ribboning  process 

( measured  with  OTDR  at  the  wavelength  of  1 .55nm ) 


Fiber# 

Before 

ribboning 

After 

ribboning 

unit 

Spliced 

fibers 

#1 

0.097 

0.087 

dB/splice 

#3 

0.066 

0.076 

non- 

spliced 

fibers* 

#2 

0.193 

0.271 

dB/km 

#4 

0.195 

0.240 

*  :  #2  and  H  fibers  are  neighbored  by  160  and  80 


splices  in  total  1600m,  respectively. 

3.3  Reliability  tests  on  fiber-ribbon  with  spliced  fibers 

Basic  reliability  tests  were  performed  on  the 
ribbon  manufactured  as  described  above.  The  samples 
for  each  test  were  prepared  by  dividing  the  ribbon, 
shown  in  Rg.  5,  into  eight  parts  including  ten  splices  in 
each  #1  and  #3  fibers. 

3.3.1  Temperature  dependence  of  transmission 
properties 

The  temperature  dependencies  of  transmission 
loss  and  splice  loss  were  measured  on  both  non-spliced 
and  spliced  fibers.  The  loss  changes  were  monitored 
continuously  at  the  wavelength  of  l.SSpm.  The  loss 


changes  in  non-spliced  fibers  were  fairly  small  as 
indicated  by  Fig.6  (  a ).  Thus  the  observed  loss  changes 
in  the  spliced  fibers  can  be  regarded  as  the  splice  loss 
changes  due  to  temperature  alternation. 

Fig.  6(b)  shows  the  temperature  dependence  of 
splice  losses  in  #i  and  #3  fibers.  The  maximum  splice 
loss  changes  observed  at  -40‘’C  were  only 
0.02dB/10splices  in  #1  fiber.  Considering  the  under  sea 
condition  in  which  environmental  temperature  is 
approximately  OX,  the  test  result  means  that  the  ribbon 
with  spliced  fibers  had  sufficient  property  for  practical 
use. 


Temperature  (“C) 


Temperature  ('C) 

Figs.  6  Temperature  dependence  of  transmission  loss 
and  SF^ice  loss  of  4-fiber  ribbon  with  spliced  fibers 

3.3.2  Long-term  thermal  cycling  test 

A  long-term  thermal  cycling  test  was  also 
performed  on  the  ribbon.  The  thermal  cycles  were 
conducted  between  -40X  and  80°C  and  the  holding 
time  were  2  hours  for  each  temperature  step.  The  ribbon 
was  exposed  to  the  thermal  cycling  for  40  cycles 
(approximately  12  days ). 

Fig.  7  shows  the  test  result.  The  upper  half  shows 
the  #1  and  lower  half  shows  the  #3  fiber.  The  ordinate 
was  indicated  by  the  splice  loss  change  per  ten  splices 
because  of  the  same  reason  as  described  above. 

There  were  splice  loss  changes  due  to 
temperature  changes  approximately  equivalent  to  the 
previously  described  test  result.  However,  any 
degradation  of  splice  loss  caused  by  the  long-term 
thermal  cycling  were  not  observed  in  both  #1  and  #3 
fibers.  Thus  it  was  confirmed  that  the  manufactured 
ribbon  with  spliced  fibers  had  enough  reliability  against 
the  thermal  cycling. 
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Fig.  7  Long-  term  thermal  cycling  test  result  on 
4-fiber  ribbon  with  spliced  fibers 
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4.  Cable  manufacturing 

Succeeding  to  the  preliminary  tests  on  the  ribbon 
with  spliced  fibers,  cable  manufacturing  were  carried 
out.  In  order  to  examine  the  applicability  of  the  ribbon 
with  spliced  fibers  to  slotted  rod  spacer  type  cable,  the 
terrestrial  cable  structure  and  test  conditions  were 
applied. 

4.1  Cable  structure 


As  indicated  in  Fig.  8,  the  first  and  the  third 
ribbons  contained  five  serial  splices  in  #1  and  #3  fibers 
severally.  The  bottom  ribbon  contained  ten  splices  in 
each  of  #1  and  #3  fibers.  The  second  and  the  fourth 
ribbon  were  composed  of  non-spliced  fibers.  Forty 
splices  were  contained  in  the  manufactured  cabie  in 
total. 

4.2  Transmission  loss  changes  during  cabling 
process 

During  the  cabling  process,  the  splice  losses  at 
the  wavelength  of  1 .55pm  were  measured  with  OTDR  by 
the  same  method  as  described  in  section  3.2. 

Figs.  9(a)  and  (  b  )  show  the  transmission  loss 
changes  of  non-spliced  fibers  which  are  neighboring  the 
spliced  fibers  and  the  average  splice  loss  changes  due 
to  cabling  process,  respectively.  The  average  splice  loss 
before  ribboning  was  0.049dB/splice  and  the  splice  loss 

changes  during  the  cabling  process  were  about 
0.002dB/splice.  Moreover,  the  maximum  transmission 
loss  changes  in  non-spliced  fibers  were  as  small  as 
0.015dB/km.  This  transmission  loss  change  was 
comparable  to  the  case  of  terrestrial  cable 
manufacturing. 

From  these  test  results,  it  can  be  concluded  that 
the  cabling  process  causes  no  significant  degradation  of 
splice  loss  properties  in  the  ribbon.  Furthermore,  the  non- 
spliced  fibers  neighboring  the  spliced  portions  are  not 
affected  by  the  restoration  coatings. 


Fig.  8  shows  the  cross  section  of  manufactured 
cable  schematically.  It  had  the  same  structure  as  the  one- 
hundred-fiber  terrestrial  cable.  The  cable  outer  diameter 
was  15mm<|>  and  the  length  was  about  1km.  Five  4-fiber 
ribbons  were  inserted  into  one  of  the  slots  tightly.  The 
ribbons  had  the  same  structure  as  described  in  section 
3.1. 


4-fiber  Ribbon 
PE  Sheath 
PET  Tape 
Water  blocking  tape 
Slotted  rod  spacer 

Tension  member 
( Outer  diameter  =  15mm ) 

Containing  5  Splices  in 
both  #1  and  #3  fibers 

/ 

ntaining  10  Splices  in 
both  #1  and  #3  fibers 

Fig.  8  Manufactured  cable  structure 
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Figs.  9  Transmission  loss  and  splice  loss  changes 
due  to  cabling  process 
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4.3.2  Installation  simulation  test 


4.3.1  Temperature  dependence  of  transmission 
properties 

Figs.  10  (  a  )  and  (  b  )  show  the  temperature 
dependence  of  transmission  loss  of  the  non-spliced 
fibers  neighboring  spliced  fibers  and  splice  loss, 
respectively.  The  measurements  were  carried  out  with 
OTDR  by  the  same  method  as  described  in  section  3.2 
at  the  wavelength  of  1 .55}im. 

The  average  splice  loss  at  20°C  was 
0.051  dB/splice.  The  maximum  splice  loss  change 
observed  at  -40  °C  was  only  0.015dB/splice.  This  result 
was  comparable  to  that  of  the  same  examination 
performed  on  the  spliced  fibers  before  ribboning. 

The  maximum  transmission  loss  change  in  non- 
spliced  fibers  due  to  temperature  alternation  between 
-40“C  and  60°C  were  less  than  0.015dB/km. 

Therefore,  it  was  confirmed  that  the  cable 
manufacturing  process  had  no  influence  on  temperature 
dependence  of  splice  loss. 


«,  --  0.40 

a>  p 

si 

c  ^  0.35 

•is 

I  0.30 
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(a)  non-Spliced fibers 


( A=1.55jim ) 


In  order  to  simulate  an  installation,  a  pulling  and 
squeezing  test  was  performed  on  the  manufactured 
cable.  Fig.  1 1  shows  the  test  system  schematically.  The 
system  and  test  condition  were  chosen  to  equally  to 
those  of  the  terrestrial  cable  provisionally. 

The  150m  long  sample  cable,  in  which  2  splices 
were  contained  ,  was  stretched  between  two  poles.  The 
cable  tension  was  monitored  by  a  tension  meter  at  the 
one  end  of  the  tested  cable.  A  movable  truck  with  three 
curved  guides  moved  from  one  end  of  the  test  cable  to 
the  other  end  squeezing  the  cable.  As  shown  in  the 
figure,  the  optical  fiber  cable  was  subjected  to  three 
bends.  The  bending  radius  of  the  cable  was  250mm. 
During  the  squeezing,  the  test  cable  was  loaded  with  a 
tension  of  2,000N.  This  tension  caused  approximately 
0.2%  elongation  on  the  cable. 

The  transmission  loss  changes  were  monitored  at 
the  wavelength  of  1.55nm. 

During  the  squeezing,  there  were  no  observable 
transmission  loss  changes  for  both  spliced  and  non- 
spliced  fibers.  After  the  squeezing,  no  loss  increase 
remained. 

Throughout  this  test,  it  was  confirmed  that  the 
performance  of  the  manufactured  cable  during 
installation  simulation  was  equal  to  that  of  the  cables 
using  non-spliced  fibers. 
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Figs.  10  Temperature  dependence  of  transmission  loss 
and  splice  loss  of  manufactured  cable 
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The  applicability  of  high  strength  arc  fusion  splice 
and  restoration  coating  technique  to  fiber-ribbon 
manufacturing  wa  examined.  The  manufactured  4-fiber 
ribbon  with  spliced  fibers  showed  no  splice  loss 
changes  caused  by  ribboning  process  and  its 
performances  on  reliability  tests  were  sufficient  for 
practical  use  in  slotted  rod  spacer  and  ribbon  type  cable. 

The  cable  manufacturing  test  with  the  ribbon 
containing  spliced  fibers  was  also  conducted.  The 
transmission  loss  properties  of  both  spliced  and  non- 
spliced  fibers  were  not  affected  by  the  existence  of 
spliced  portions  during  cabling  process.  The 
manufactured  cable  was  shown  to  meet  the  severe 
environmental  condition  including  wide  temperature 
range  from  -40®C  to  60®C.  The  installation  simulation 
test  result  was  also  sufficient  for  practical  use. 


curved  guide 


universal  wire 
stretcher — 1 


monitored  loop  - 


truck  moving  speed ;  approx.  lOm/min. 
Fig.  1 1  Installation  simulation  system 
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Throughout  this  study,  it  was  confirmed  that  the 
high  strength  splice  and  restoration  coating  technique 
will  promise  the  stable  production  of  slotted  rod  core 
type  submarine  cables. 
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Newly  developed,  small  diameter  optical  link  cord  using  compound  glass  fiber 


Tatsuliiko  Machida  Masaliiko  Saegusa  Norio  Sugiyama 


SHOWA  ELECTRIC  WIRE  &  CABLE  CO.. LTD 


Abstract 

fewly  developed  optical  lixik  cord  is  featured  by 
lin  compound  glass  optical  fiber  with  an  adhesive, 
lin,  hard  primary  corting.  Connecter izing  can  be 
ide  over  the  primary  coat  without  exposing  side 
irface  of  glass  fiber.  Tough  resins  are  selected 
1  order  to  reduce  the  coating  diameter  down  to 
.5mm.  The  cord  consist  of  two  such  thin  optical 
Lbers  .  twisted,  reinforced  with  aramide  yarn  and 
yvered  with  PVC  sheath.  The  cross  section  of  which 
is  been  reduced  to  42%  of  that  of  conventional  one. 
le  cord  is  also  characterized  by  high  workability 
id  reliability  in  connecterizing  while  keeping 
atical  and  mechanical  characteristics  equivalent 
D  those  of  conventional  ones. 


Introduction 

Demand  for  optical  fibers  are  increasing  lately 
yr  links  of  short  to  Intermediate  distance.  It  is 
aid  essential  for  those  links  ,  reflecting  the 
reater  use  of  optical  cords  in  the  field,  to  have 
ilnner  cords  with  high  connectibillty  because  of 
tie  high  amount  of  connections  to  be  made  per 
/stem.  Newly  coating  design  of  compound  glass 
iber,  fertured  by  thin,  hard  and  adhesive  primary 
lating  to  the  fiber,  is  developed.  The  use  of 
lich  enables  drastic  reduction  of  cord  diameter, 
aly  65%  of  thatof  conventional  cord  design, 
ithout  affecting  adversely  to  optical  and 
achanical  characteristics.  Another  unique 
laracterlstics  of  the  new  coating 


design,  which  enables  connecterizing  over  primary 
coat,  has  introduced  a  newly  developed,  crimping 
type  connecter,  thus,  contributing  to  high 
mechanical  reliability  and  simplification  of 
connecterizing . 

Fiber  &  cord  design 

The  conventional  compound  glass  fiber  has  core 
and  cladding  diameters  of  200  and  250  iim 
respectively,  and  covered  with  silicone  and 
polyamid  coatings,  the  setting  of  a  crimping  type 
connecter  to  such  an  optical  fiber  requires 
removing  of  all  coatings  of  glass  fiber  and  fixing 
of  connecter  firmly  on  the  exposed  glass  fiber. 

The  method  involves  an  inherent  problem  as  to 
reliability  because  the  crimping  is  made  directly 
on  the  glass.  New  coating  design  of  optical  fiber 
was  developed  using  ultra-violet  curing  resign  both 
in  order  to  reduce  the  coating  diameter  and  to 
improve  the  performances  of  connecterizing.  Tough 
resins  are  selected  both  for  primary  and  secondary 
coatinga  so  as  to  reach  a  small  coating  diameter 
down  to  0.5mm.  On  the  other  hand  in  order  to  reduce 
the  connecterizing  over  primary  coat,  the  resin  for 
sufficient  adliension  to  glass  fiber,  high 
processlbillty  and  stability  all  of  them  with  as 
thin  a  thickness  as  15jm.The  constructional 
comparision  Fig  1,2  and  Table  1. 
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Core  (200  jm) 

Clad (220  jra) 

Primary  coat(250fm) 
Secondary  coat (500 jm) 


New  type 


Core (200  jm) 

Clad (250  (im) 

Primary  coat(490sm) 
Secondary  coat ( 900 vm) 


Conventional  type 


Fig.l  Optical  Fiber 


Optical  fiber(500  (im) 


Strength  member 


Sheath (2. 8mm) 


New  type 


Conventional  typ)e 


Fig. 2  Optical  Fiber  Cord 


Table. 1  CONSTRUCTION  OF  CORD 


Item 

New  type 

Conventional  type 

Core 

Material 

Compound  glass 

Compound  glass 

Diameter 

200  rm 

200  em 

Cladding 

Material 

Compound  glass 

Compound  glass 

Diameter 

220  pm 

250  im 

Primary 

coat 

Material 

Epoxy  acrilate 

Silicone 

Diameter 

250  jm 

490  rm 

Secondary 

coat 

Material 

Urethane  acrilate 

Polyamid 

Diameter 

0.5  mm 

0.9  mm 

Number  of  fibers 

2 

2 

Strength  Member 

Aramide  yarn 

Aramide  yarn 

Sheath 

PVC 

PVC 

Diameter 

2.8  mm 

4.3  ima 

Numerical  Aperture 

0.5 

0.5 
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Attenuation  spectral  of  thin  compound  glass  fiber 
is  shown  in  Fig  3.  (It  is  measured  by  0.4 
launching  NA)  The  relationship  between  attenuation 
and  distance  is  shown  in  Fig  4. 

Also,  it  is  important  to  grasp  the  relationship 
between  bandwidth  and  distance  for  the  design  of 
high  spped  communication  system  arising  in  FA.OA 
fields.  Dispersion  of  multi  mode  optical  fiber 
depend  almost  on  mode  dispersion.  An  empirical 
formura  of  the  relationship  between  bandwidth  and 
distance  can  be  obtained  from  Fig. 5  .  The  formura 
shown  below  indicates  the  fiber  has  little  mode 
conversion  because  the  exponential  coefficient  is 
nearly  1. 

f(L)  =  14.0  -L 

a  r  O  .  RTS  n  m 

This  compound  glass  fiber  has  an  excellent 
temperature  characteristics  because  not  only  both 
of  core  and  clad  consists  of  compound  glass,  but 
also  the  primary  coating  has  low  linear  expansion 
coefficient.  The  temperature  characteristics  of 
attenuation  of  optical  fiber  cord  is  shown  in 
Fig  6. 


Wavelength  (in) 


Fig  3.  Attenuation  Spectral 


Distance  (m) 


Distance  (m) 

Fig  4.  Relationship  between 


attenuation,  NA  and  distance 


Distance  (■) 


Fig  5.  Relationship  between 
bandwidth  and  distance 

J 


Teniijerature  (T) 

Fig  6.  Temperature  characteristics 
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Mechainical  characteristics 


Mechanical  characteristics  of  optical  fiber 
cord  are  shown  in  table  2 . 


Table  2.  Mechanical  characteristics  of 
optical  fiber  cord 


Item 

Test  condition 

Test  result 

Tensile 

Performance 

1  10  m  1 

No  fiber 

breakage 

|-  1 

Tension:  490  N 

Bending 

r - ~j  1  turn 

No  fiber 

breakage 

Repeat 

bending 

"6 

Weight 

Bending 

«— — '30mm 

’:9.8N 

times : 100000 

No  fiber 

breakage 

Squeezing 

-|  fi»el 
Squeezing 

times: 100000 

No  fiber 

breakage 

Torsion 

No  fiber 

breakage 

C 

200 

mm 

Torsion  times 

; 500000 

Impact 

1] 

I - * 

^=9.8N(d=25mm) 

300nin 

- 1 

No  fiber 

breakage 

Crush 

|980N 

Plate  plate 
50mn  width 

No  fiber 

breeikage 

Conclusions 

New  coating  design  of  compound  glass  fiber, 
featured  by  thin,  hard  and  adhesive  primary 
coating  to  the  fiber,  is  developed.  The  use  of 
which  enables  drastic  reduction  of  of  cord 
diameter,  resulting  in  42%  of  reduction  rate 
compared  with  conventional  cord  design  ,  without 
affecting  adversely  to  optical  and  mechanical 
characteristics  of  cord.  The  use  of  the  fiber  of 
new  coating  design  creates  a  new  connecting  system. 
Because  connections  are  possible  without  adhesive 
primary  coating,  the  crimping  and  elastic  keeping 
type  connectors  become  easy  to  make  with  the  use 
of  the  fiber  of  new  coating  design,  and  the 
mechanical  reliability  of  connecting  section 
improves  at  the  same  time  . 
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E:xt:encleLble  Op>t;iGa.l  Fibre  Curled — Cord 


Heinz  W.  Bruckner,  Geoig  Franken,  Daljit  S.  Parmar 


Kroschu-Kabelwerke ,  Kromberg  &  Schubert  GmbH  u.  Co 
Wiegenkamp  21,  4292  Rhede,  Germany 


Abstract 

An  extendable  optical  fibre  curled-cord, 
as  state  of  art  in  the  copper  technology, 
is  developed  to  transmit  optical  signals 
from  transportable  systems.  To  avoid 
certain  problems  arising  due  to  small 
curled-cord  diameters,  e.g.  irreversible 
attenuation  increase,  a  special  optical 
cord  design  was  selected.  This  design 
enabled  us  to  reduce  the  curl  diameter 
down  to  20  mm  with  an  insertion  loss  less 
than  2  dB. 

Introduction 

An  extendable  optical  fibre  curled-cord 
was  developed  to  provide  flexible 
connection,  transmitting  optical  signals 
from  portable  and  transportable  equip¬ 
ment,  e.g.  patch  panels,  Robotarms  or 
medicinal  apparatus. 

The  manufactured  curled-cord  can  be  ex¬ 
tended  several  times  to  its  curled  length 
and  retracts  back  to  its  orginal  length 
after  the  load  is  removed.  The  cord  is 
assembled  with  special  optical  fibre 
connectors  compatible  to  standard 
connectors.  A  special  design  of  the  cord 
enabled  us  to  manufacture  curled-cord 
with  spiral  diameter  to  20  mm  and  an 
insertion  loss  of  0.5  dB  to  1.5  dB  with 


multimode  gradient  profile  _  50/125  pm 
fibre. 


Figure  1:  Connectorized  extendable 
optical  fibre  curled-cord 

Theoretical  Aspects 

The  propagation  of  light  in  a  multimode 
fibre  takes  place  due  to  the  total  in¬ 
ternal  reflection.  Light  rays  injected 
into  the  core  at  an  angle  (acceptance 
angle)  are  totally  reflected  whenever 
they  encounter  the  core/cladding  boun¬ 
dary.  All  the  light  rays,  whose  angle  of 
acceptance  is  lower  than  the  critical 
angle  of  total  reflection,  would  be  re¬ 
flected  down  the  length  of  the  fibre. 

The  angle  of  acceptance  at  the 
core/cladding  boundary  increases  when  the 
fibre  is  bent.  This  increase  of  angle 
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causes  more  number  of  rays  (modes)  not 
reflecting  into  the  core  but,  in 
contrary,  coupled  into  the  cladding  and 
hence  loss  of  transmission. 


Figure  2:  Propagation  of  light  in  a  bent 
fibre 

All  the  optical  fibre  cables  are 
subjected  to  bends  partly  due  to  the 
installation  of  cable  and  partly  the 
fibre  undergoes  microbends  due  to  the 
excess  length  of  the  fibre  in  the  loose 
tube  (buc(?ling  of  the  fibre)  .  This 
phenomena  causes  distribution  of  modes 
within  the  fibre  after  a  transmission 
section  of  considerable  length  in  such  a 
way  that  only  about  70%  of  the 
propagating  modes,  in  reality,  are 
propagated  whereby  the  rest  of  the  modes 
are  coupled  out  into  the  cladding.  This 
behaviour  of  propagation  is  termed  as 
EMD  -Equilibrium  Mode  Distribution.  To 
avoid  the  influence  of  microbending  to 
its  lowest  possible,  a  bend  radius  of  at 
least  15  times  the  cable  outer  diameter 
has  been  fixed  for  standard  optical  fibre 
cables . 

Besides  EMD,  another  important  effect  is 
caused  due  to  the  high  order  modes.  These 
modes  propagate  at  an  angle  near  to  the 
critical  angle  and  have  to  travel 


relatively  longer  path  than  the  lower 
order  modes.  This  results  into  higher 
attenuation  and  hence  low  order  modes  are 
preferred  for  transmission. 

Because  of  mircobending  and  high  at¬ 
tenuation  in  the  outer  region  of  the 
core,  an  optical  fibre,  after  a  certain 
length,  so  called  couple  length,  has  mode 
and  intensity  distribution  around  the 
central  axis  in  the  form  of  a  Gaussian 
distribution . 

If  an  optical  fibre  is  wound  several 
times  in  a  narrow  diameter  (less  than  8 
times  outer  diameter),  the  high  order 
modes  would  be  coupled  into  the  cladding. 
This  would  increase  the  fibre  attenuation 
,  specially  with  lower  spiral  diameter. 
At  the  same  time  the  light  intensity 
would  also  concentrate  around  the  axis. 
The  minimum  multi  bend  radius  for  a  fibre 
lies  around  4  mm  and  that  for  a  cable- 
cord  of  diameter  4  mm  lies  at  60  mm.  To 
achieve  an  acceptable  attenuation  at  a 
smaller  spiral  diameter  (curl  diameter) 
for  an  optical  fibre  curled-cord,  a 
suitable  curled-cord  design  has  to  be 
selected. 


Figure  3:  Mode  distribution  in  a  fibre 

It  should  be  talcen  into  consideration 
that  the  influence  of  cord-design  or 
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fibre  jacketing  do  not  total  specify  the 
minimum  bend  radius. 

Cord-Design 

The  cord-design  has  been  suited  to  the 
special  requirements  of  the  curled-cord, 
as  described  above. 

To  allow  enough  space  for  the  fibre 
movement,  a  gel  filled  Nylon  loose  tube 
design  of  large  diameter  was  selected. 
This  enables  the  fibre  not  to  undergo 
buckling  in  case  the  cord  is  bent  to 
smaller  diameter.  This  made  us  possible 
to  curl  the  cord  to  lower  winding  diame¬ 
ters  without  experencing  substancial 
losses  through  microbending. 

The  optical  fibre  curled-cord  is  so  de¬ 
signed  that  the  transmission-losses  and 
attenuation-change  remain  within  limits 
when  the  curled-cord  is  extended  and  re¬ 
tracted.  The  wall  thickness  of  the  tube 
at  0.8  mm  is  selected  so  that  enough 
tensile  strength  and  retractability  of 
the  cord  is  guaranteed. 


MtnadlonfdD 


CMnOBMlV 


— Ualoadid  -■-AmBnMBCbaigi 

IMomd  with  (m  M  na  Ons 

iwqnialthwcBrtlOa 

tomwm 

Figure  4;  Attenuation  change  under  load 
as  a  function  of  various  curl  diameter 


The  design  allows  the  curled-cord  to  ex¬ 
tend  four  times  its  original  length 
without  any  substantial  change  to  prac¬ 
tically  no  change  of  attenuation.  After 
the  load  is  released,  the  cord  retracts 
back  to  its  original  length.  The  at¬ 
tenuation  change  is  below  0.1  dB  for  a 
10  m  cord. 

The  necessary  load  to  extend  the  cord  is 
presented  in  figure  5. 

It  can  be  seen  that  the  load  to  extend 
the  designed  cord  and  the  stretching 
force  is  higher  than  used  by  standard 
copper-curled-cords.  This  is  a  result  of 
the  material  of  construction  used  and  the 
wall  thickness  of  the  Nylon-tube.  It 
proved  unsuitabel  to  use  aramidyarn  or 
any  other  material  as  tension-elements. 


Lood/N 


WWObIMmiWi 

Length  ol  curled  ooRi  )X  nun 

Figure  5;  Extension  force  of  curled  cord 

Curled-cord  Assembly 

For  easy  handling,  the  curled-cord  has  to 
be  assembled  with  connectors.  We  decided 
for  the  most  used  connectors  of  the  type 
F-SMA  and  BFOC/2.5.  To  assemble  this 
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connector,  a  suitable  fitting  is 
required.  The  standard  way  of  crimping 
the  connector  with  the  tension  elements 
in  the  cord  is  not  possible  in  this  case. 
The  connector,  instead,  is  adhered  to  the 
elements  and  then  crimped  to  the  jacket. 
Various  investigations  and  test  results 
showed  that  this  combination  had  enough 
tensile  strength.  This  tensile  strength 
is  greater  than  the  load  needed  for 
irreversible  deformation  of  the  curled- 
cord. 

The  insertion  loss  of  the  curled-cord 
assembly  was  measured  during  various 
launching  conditions. 


Leogth  at  aoKt  10  m 
Wo^enotb;  860  nin 

Figure  6:  Insertion  loss 

The  measured  values,  as  shown  in  Fig.  5, 
are  highly  dependant  on  the  launching 
conditions.  These  results  confirm  the 
theory  that  launching  with  low  order 
modes  alone  (EMD)  causes  practically  no 
attenuation  change  due  to  roicrobending. 
Only  high  order  modes  react  to  the 
microbending.  The  measurements  also  show 
that  the  total  launching  (UMD) ,  i.e. 
coupling  directly  with  LED  or  via  a  short 


cablelength,  brings  the  insertion  loss  to 
about  2  dB.  For  the  optical  transmission 
over  short  lengths,  this  value  is  low 
enough.  If  the  curled-cord  is  used  to 
couple  on  a  longer  section,  the  insertion 
loss  of  2  dB  appears  to  be  very  high. 
Since  in  this  case  the  concentration  of 
modes  occurs  on  the  low  order  modes,  the 
coupling  in  the  section  would  be  suitable 
and  right  in  the  beginning  of  the  section 
an  equilibrium  mode  distribution  would 
take  place.  The  total  attenuation  of  such 
a  system  would  not  be  higher  than  in  case 
of  direct  coupling. 

Conclusions 

A  compact  and  space  saving  robust  optical 
fibre  curled-cord  assembled  with  special 
connectors  has  been  designed  and 
manufactured  successfully  using  single 
mode  as  well  as  multimode  fibres.  The 
advantages  of  conventional  copper  curled- 
cords  have  been  transferred  to  the  fibre 
technology.  Using  a  unique  design  of  the 
cord,  it  was  possible  to  achieve 
mechanically  flexible  and  easy  handling 
connections.  Application  in  the  field  of 
transmitting  optical  signals  from 
portable  and  transportable  equipment, 
e.g.  patch  panels,  Robotarms,  medicinal 
equipment  etc.  are  possible. 
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FAILURE  RATE  AS  THE  TRUE  PARAMETER  OF 
OPTICAL  FIBRE  RELIABILITY 
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Summary 

For  the  user  concerned  about  reliability 
against  fibre  fracture,  the  parameter  of 
Interest  is  not  strength  but  failure  rate. 
Using  the  standard  fracture  mechanics  and 
Weibull  statistical  description  of  flaw 
growth  it  is  shown  that  failure  rate  may 
increase,  stay  constant,  or  even  decrease 
during  exposure  to  constant  tensile 
stress.  Proof  tested  fibre  is  shown 
normally  to  be  used  under  conditions  which 
give  a  constant  failure  rate,  so  that  its 
reliedjility,  or  'perceived  strength',  is 
as  high  at  the  end  of  its  life  as  at  the 
start . 


Introduction 

The  Nature  of  Fibre  Strength 

Experience  has  shown  the  reliability 
against  fibre  fracture  of  installed 
optical  systems  to  be  high,  but  from  the 
nature  of  the  failure  mechanism  there  is  a 
natural  perception  that  the  passage  of 
time  and  the  application  of  any  tensile 
load  must  always  make  a  fibre  less 
reliable.  It  is  the  purpose  of  this  paper 
to  show  that  this  is  not  normally  the 
situation. 

The  analysis  does  not  introduce  any  new 
model  of  fibre  failure.  It  uses  the 
fracture  mechanics  power  law  model  of 
crack  grovrth  and  the  Weibull  prob2tbility 
description  of  strength^'^,  which  are  the 
common  currency  of  reliability 
calculations  for  installed  fibre  systems, 
but  it  extends  this  analysis  to  give  a 
fresh  perspective  on  practical  problems. 

Fibre  stretches  elastically  under  tension, 
but  fails  suddenly  and  catastrophically 
when  the  stress  is  sufficient  to  cause 
rapid  bond  rupture.  Although  this  bond 
strength  is  constant,  flaws  in  the 
structure,  usually  due  to  surface  damage 
or  contamination,  cause  local  stress 
intensification.  This  stress 
intensification  is  dependent  on  flaw  size. 


so  that  the  applied  stress  which  will 
cause  immediate  failure  is  variable, 
depending  on  the  distribution  of  flaw 
sizes.  Unless  the  fibre  has  a  perfect 
hermetic  coating  there  is  a  further 
complication.  Even  if  an  applied  tensile 
stress  is  insufficient  to  cause  immediate 
failure,  in  the  presence  of  moisture  it 
causes  the  flaws  to  grow,  an  effect  known 
as  static  fatigue.  All  the  time  the  flaws 
are  under  tension  they  are  weakening  and 
given  long  enough  will  eventually  fall. 

Flaw  Weakening  and  Lifetime 

If  the  stress  required  to  cause  immediate 
failure  is  Oj,  then  the  fracture  mechanics 
analysis^'*  shows  that  a  lower  service 
stress,  o.,  will  cause  failure  after  time, 
t„  according  to  the  following 
relationship: 

=  Bor  (1) 

where  n  and  B  are  the  standard  fatigue 
parameters.  Oi  is  usually  referred  to  as 
the  inert  strength,  because  it  is  the 
strength  which  would  be  measured  under 
moisture  free,  or  inert,  conditions. 

In  this  equation  t,  is  clearly  the  lifetime 
of  the  flaw  under  the  service  stress  o,. 

If  the  flaw  is  subjected  to  a  succession 
of  different  stresses  then  analysis^  shows 
that  failure  will  occur  when 

Oiti  +  oStj  + - +  a°tj  =  Bo5‘^  (2) 

The  term  is  thus  seen  to  give  a  measure 
of  crack  weakening  and  Boi"'*  the  total 
amount  of  crack  weakening  to  which  a  flaw 
may  be  subjected  after  which  it  will  then 
fall. 

Proof  Testing  and  Service  Conditions 

Because  we  cannot  measure  the  location  and 
size  of  the  particular  flam  in  a  given 
fibre,  we  have  to  make  use  of  our 
knowledge  of  statistical  information 
gained  from  seunple  strength  testing  and 
the  pareuneters  of  the  proof  test  routinely 
applied  to  production  fibre. 
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The  simplest  analysis  Is  to  use  the  fact 
that  the  proof  test  removes  all  flaws 
above  a  certain  size.  Reliability 
calculations  offering  a  guarantee  of 
survival  may  then  be  performed.  These  are 
based  on  equations  1  and  2,  and  arrange 
that  the  service  conditions  of  stress, 
humidity  and  temperature  just  allow  this 
largest  possible  flaw  to  survive  to  the 
end  of  the  required  lifetime. 

Because  of  uncertainties  In  the  fatigue 
parameter  B  and  the  fact  that  finite  proof 
test  unloading  rates  seriously  reduce  the 
minimum  strength^.  It  Is  usually  Impossible 
to  offer  a  such  a  guarantee  of  survival. 

It  would  require  either  too  low  a  service 
stress  or  a  proof  test  giving  too  low  a 
length  yield.  However,  by  only  asking  for 
a  high,  say  99%,  survival  probability, 
rather  than  100%,  satisfactory  solutions 
can  be  found.  The  proof  test  not  only 
provides  a  minimum  strength,  but  generally 
depletes  the  population  of  flaws  In  a 
range  well  above  the  minimum  strength. 

With  some  additional  knowledge, 
such  as  proof  test  length  yield*,  the 
probability  of  finding  a  flaw  of  any  given 
size  may  be  calculated.  If  the  service 
survival  probability  required  Is  99%,  then 
the  size  of  flaw  corresponding  to  a 
probability  of  occurrence  of  1%  Is 
calculated,  and  the  service  conditions 
arranged  just  to  allow  this  flaw  to 
survive . 

Strength.  Reliability  and  Time 

In  the  case  of  the  guarantee  based  on  the 
largest  flaw  surviving  proof  testing, 
there  Is  a  very  clear  meaning  to  strength 
and  reliability  In  terms  of  the  calculated 
lifetime.  Below  this  time  there  Is  no 
chance  of  failure,  while  once  It  Is 
exceeded  this  guarantee  can  no  longer 
hold.  As  service  proceeds  this  maximum 
sized  flaw  Is  getting  weaker  and  the  time 
for  which  the  stress  can  be  applied, 
without  chance  of  failure.  Is  getting 
correspondingly  shorter.  Additional 
stresses,  before  or  during  service,  have 
the  effect  of  further  reducing  the 
lifetime. 

Making  the  change  to  a  low,  rather  than  a 
zero  probability  of  failure,  does  not 
otherwise  alter  the  calculations. 
Conditions  are  arranged  so  that  a  starting 
flaw  size,  corresponding  to  the  selected 
probability  of  occurrence.  Is  uranged 
just  to  fall  at  the  end  of  the  service 
period.  The  same  concepts  2uid  behaviour 
of  lifetime,  strength  and  reliability 
would  appear  to  follow. 

Now  consider  these  questions.  If  a  cable 
supplier  normally  provides  a  warranty 


based  on  a  calculated  fibre  failure 
probability  of  1%  over  25  years,  how  would 
this  change  If  the  cable  was  not  a  new  one 
but  had  already  been  In  service  for  10 
years?  If  an  Installed  cable  Is  exposed 
to  severe  strains  outside  the  warranty 
conditions  and  the  fibre  survives,  how 
should  the  warranty  terms  be  changed? 

In  terms  of  the  preceding  analysis  of 
strength,  reliability  and  lifetime  It 
might  seem  obvious  that  the  answers  must 
reflect  a  decrease  In  reliability. 
Following  through  the  conventional 
analysis  discussed,  the  author  found  that 
normally  the  reliability  was  unchanged. 

In  seeking  to  explain  this  result  It  was 
realised  that  the  parameter  being 
calculated,  a  failure  probability  over  a 
given  period,  was  a  failure  rate  and  that 
the  underlying  question  related  to  the  way 
this  behaved  as  a  function  of  time  under 
stress.  The  most  appropriate  treatment 
was  thus  one  which  calculated  failure  rate 
directly,  rather  than  strength  or  time  to 
failure.  This  paper  presents  the  results 
of  such  an  analysis. 


Calculation  of  Fibre  Failure  Rate 

In  calculating  failure  rate  we  start  with 
the  conventional  basic  description  of  the 
cumulative  failure  probability,  ♦,  In 
terms  of  the  Inert  strength,  Oj,  fitted  to 
a  two  parameter  Welbull  distribution 

=  exp (3) 

where  oo  =  position  parameter 
m  =  slope  parameter 

This  may  now  be  combined  with  equation  (1) 
to  eliminate  Oj  and  give  the  corresponding 
distribution  of  times  to  failure  under 
static  strain. 

=  exp  (4) 

where 


This  again  Is  a  standard  result,  of  the 
original  Helbull  form,  but  with  the 
exponent  m  changed  to  m/(n-2). 

Nhat  we  wish  to  calculate  Is  the  failure 
rate.  This  parameter  Is  defined  by  the 
statement  that  the  probability  that  a 
fibre  which  has  survived  to  time  t,  will 
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fall  during  the  next  small  time  Interval 
6t,,  Is  the  failure  rate  multiplied  by  5t,. 
It  has  the  dimensions  of  failure 
probability  per  unit  time  and  Is  obviously 
related  to  d®/dt,. 

Differentiating  equation  (4)  with  respect 
to  time  gives 


At  this  point  It  Is  necessary  to  recall 
exactly  what  the  failure  probability  ♦ 
means.  The  particular  fibre  under 
consideration  will  either  have  failed  or 
not.  4  Is  the  fraction  (or  percentage) 
which  would  have  failed  If  a  large  number 
of  fibres,  N,  from  the  same  strength 
distribution  had  been  subjected  to  the 
same  stress.  N.d4/dt..St,  Is  the  number  of 
failures  occurring  In  this  distribution 
between  times  t,  and  t,+&t,.  From  the 
definition  of  failure  rate,  this  Is  also 
given  by  the  product  of  the  number  of 
fibres  surviving  to  time  t,,  failure  rate 
and  &t,.  The  number  of  fibres  surviving  to 
time  t.  Is  )I(l-4)  and  thus 

.Failure  zate.bt^  =  (7) 

Substituting  for  ♦  and  d4/dt,  and 
rearranging  gives 

Failure  rate  =  -2-  (8) 

n-2  (  tj  to 


Examination  of  the  equations  (4)  and  (8) 
shows  that  although  the  cumulative  failure 
probability  4  always  Increases  with  time, 
the  failure  rate  may  Increase,  decrease  or 
even  be  constant  with  time,  depending  on 
whether  the  exponent  m/(n-2)-l  is  greater 
than,  less  than  or  equal  to  zero. 


Nelbull  plots  are  generated  from  dynamic 
tensile  tests,  often  on  a  gauge  length  of 
20  metres.  A  plot  Is  constinicted  In 
Flg.l.  to  show  typical  features  of 
Interest  to  this  analysis.  At  high 
failure  probabilities  the  Welbull  plot 
shows  a  high  m  value,  typically  >30.  This 
Is  labelled  region  1  and  corresponds  to 
the  high  strength  seen  In  very  short  fibre 
lengths.  At  low  failure  probabilities  a 
much  lower  slope  Is  seen,  with  an  m  value 
typically  <10.  This  Is  region  II  and 


Cumulative 

failure 

probability 

(%) 


10*5 

lO-* 

tO'7 


Strength  on  log  ecaie 


Fig.  1  typical  features  of  inert  strength  distribution 


takes  its  character  from  the  Infrequently 
occurring  larger  flaws.  Finally,  the 
lovrer  end  of  region  II  is  modified  by 
proof  testing.  This  not  only  truncates 
the  strength  as  discussed  earlier  but  also 
modifies  the  Welbull  slope  above  the 
truncation  point  to  give  region  III. 

Flaws  in  this  region  are  those  which  grew 
from  a  very  narrow  range  of  smaller 
initial  sizes  under  the  Influence  of  the 
proof  test.  The  Welbull  slope,  which  Is  a 
measure  of  spread,  approaches  a  value 
dependent  only  on  the  form  of  the  growth 
law  and  turns  out^  to  be  n-2. 

The  value  of  n  is  normally  measured  in  the 
range  15  to  30  and,  for  the  purpose  of 
performing  reliability  calculations,  is 
taken  to  be  single  valued  for  any 
particular  set  of  conditions.  It  Is 
often  taken  to  have  the  same  value  for 
proof  test  and  service  conditions  *.  This 
simplifying  assumption  has  been  followed 
here  and  a  value  of  n=20  used. 


Failure  Rate  Variation  with 
Time 


increasir 


The  failure  rate  Is  Initially  zero, 
because  of  the  removal  of  flaws  below  the 
cut-off  level  of  the  proof  test,  but  in 
this  example  Is  only  at  times  below  about 
a  day  and  just  off  the  scale. 

The  next  failures  are  those  corresponding 
to  region  III.  Here  m»n-2  and  the 
exponent  m/(n-2)-l  Is  exactly  zero, 
denoting  a  constant  failure  rate. 

At  longer  times  the  falluires  are  those  of 
region  II  where  m<10,  m/(n-2)-l£0  and  the 
failure  rate  decreases  with  time. 
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Finally  region  I  failures  occur  where  ]n>30 
and  the  failure  rate  increases  with  time. 
These  features  are  illustrated  in  Fig. 2. 


Fig.  2  Weibull  distribution  of  failure  times,  t , 
and  corresponding  failure  rate 


Failure  Rate  variation  with  Fibre  Length 
and  Stress 

Increasing  the  stress  level  applied  to  the 
fibre  will  decrease  the  times  at  which  the 
transitions  between  the  regions  occur  and 
increase  the  level  of  the  failure  rate. 
When  fibre  is  in  cable  the  stress  is 
normally  determined  by  the  cable  strain 
condition.  The  curves  for  three  different 
strain  levels,  e,,  on  the  same  fibre  are 
shown  in  Fig. 3. 


Increasing  the  length  of  fibre  under 
stress  in  the  system  has  the  effect  of 
shifting  the  original  Weibull  strength 
plot  upwards  vertically  and  gives  a 
corresponding  upward  shift  to  the  failure 
rate  curve. 

The  particular  points  in  time,  at  which 
the  transitions  from  one  region  of  failure 
rate  to  the  next  is  made,  are  thus  highly 
dependent  on  the  parameters  chosen  or 
imposed  for  the  system  under 
consideration.  One  very  general 
observation  is  worth  making  however. 

In  most  cases  involving  more  than  a  short 
total  length  at  risk,  say  more  than  1  km, 
the  system  designer  sets  an  upper  limit  to 
the  strain  conditions  by  consideration  of 
the  proof  test  level  of  the  fibre 
involved.  In  other  words,  they  arrange 
for  the  fibre  to  operate  over  its  design 
lifetime,  typically  25  years,  in  the 
region  where  fibre  strength  is  determined 
by  the  proof  test,  i.e.  region  III  which 
gives  constant  failure  probcUaility. 

Effect  of  Proof  Test  on  Failure  Rate 

The  effect  of  the  proof  test  is  now  seen 
to  be  to  depress  the  early  failure  level 
of  region  II.  It  is  most  easily  thought 
of  as  doing  it  by  removing  some  of  the 
original  larger  flaws.  Alternatively, 
bearing  in  mind  that  these  curves 
represent  a  probable,  not  an  actual, 
distribution,  if  no  breaks  occur  the  proof 
test  improves  the  predicted  strength  by 
showing  the  larger  flaws  did  not  e^'ist. 


Fig.  4  Effect  of  proof  feet  time,  tp,  on  feilure  rate 


Fig,  3  Effect  of  strain  level,  e,,  on  failure  rate 


Fig. 4  shows  the  effect  of  different  proof 
test  times.  The  failure  rate  for  the  non¬ 
proof  tested  fibre  shows  a  decrease  with 
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le.  The  effect  of  the  proof  test  may 
IS  also  be  seen  as  giving  an  accelerated 
>gress  down  this  curve  before  the  fibre 
used.  The  amount  of  progress  down  the 
rve  may  be  increased  by  longer  proof 
3t  times,  as  in  the  example,  or  more 
actically  by  higher  proof  test  strain. 

feet  of  Unbudaeted  Strains 

ere  is  rightly  a  concern  to  avoid 
budgeted  strains  in  manufacture, 
stallation  or  service.  It  should  now  be 
ear,  however,  that  the  effect  of  any 
nsile  strain,  whether  it  be  proof  test, 
rvice  or  unbudgeted,  is  simply  to  take 
e  fibre  along  the  failure  rate  curve, 
e  rate  of  progress  will  depend  on  the 
rain  level,  but  the  path  followed  will 
the  same.  Provided  that  the  strain  has 
t  taken  the  fibre  into  the  region  of 
icreasing  failure  rate,  there  should  be 
>  concern  that  a  fibre  which  has  survived 
I  unbudgeted  strain  is  now  unfit  for 
irvice.  The  reason  for  trying  to  avoid 
(budgeted  strains  should  be  to  avoid 
reakage  during  such  strains,  not  a 
erceived  increased  risk  once  the  strain 
IS  been  removed. 

tlationshio  to  Standard  Reliability 
talvsis 

le  concept  of  fibre  reliability 
Ef actively  increasing  with  time  under 
:re88  a8  shown  by  a  decreasing  failure 
ite,  can  seem  difficult  to  reconcile  with 
model  of  accelerating  crack  growth. 

)8t  people  are,  however,  familiar  with 
le  idea  of  'infant  mortality',  that 
^sterns  may  show  early  failures  due  to 
lulty  components  but  that  these  decrease 
Lth  time.  Viewing  a  fibre  as  a  'system' 

E  cracks,  a  decreasing  fibre  failure  rate 
3  just  an  example  of  infant  mortality, 
f stems  may  be  given  a  'burn-in',  an 
litial  period  of  operation  to  allow  such 
allures  to  occur  before  release  for 
arvice.  The  fibre  proof  test  is  seen  to 
3  a  form  of  accelerated  'bum- in'  to 
3duce  service  failure  rates  to  an 
:ceptable  level. 

le  fibre  proof  test  is  most  simply 
iderstood  physically  as  strengthening  the 
Lbre  by  removing  the  larger  flaws',  but 
ils  could  be  misleading,  whether  breaks 
}  actually  occur  in  any  particular  fibre 
Lll  depend  on  the  particular  flaws 
resent  in  that  fibre,  but  simply  knowing 
lat  the  fibre  has  been  subjected  to  a 
c.>of  test  changes  our  prediction  of  its 
trength.  This  is  a  generally  true  in  the 
lole  analysis:  the  results  do  not  dapend 
n  changes  being  demonstrated  by  breaks 
lit  simply  say  how  the  prediction  of 
allure  varies  with  time  and  other 


parameters.  Indeed,  failure  rate  itself 
is  defined  in  terms  of  the  probability  of 
future  failure  for  a  particular  fibre 
which  has  not  yet  had  any  break,  and  so 
the  fact  that  this  changes  with  time  is 
clearly  not  conditional  on  breaks  being 
demonstrated  in  that  fibre. 

The  use  of  failure,  or  hazard,  rate  is  a 
standard  concept  in  the  general  field  of 
reliability  analysis.  This  is  also  the 
case  for  the  sequence  of  'infant 
mortality' ,  constant  failure  rate  and 
'wearout'  giving  rise  to  the  'bathtub' 
failure  rate  curve,  and  the  use  of  the 
Welbull  slope  parameter  to  characterise 
these  different  regions®.  However,  there 
are  two  features  of  the  analysis  of  fibre 
reliability  in  this  paper  which  may  be  of 
interest  to  the  wider  community  of 
reliability  engineers.  Firstly,  the 
sequence  of  failure  rate  slopes  is  unusual 
in  starting  with  constant  failure  :  ate  and 
then  going  into  decreasing  failure  rate, 
for  which  'infant  mortality'  is  then  an 
inappropriate  name.  Secondly,  there  is  a 
natural  temptation  to  think  of  the 
different  regions  of  the  'bathtub'  curve 
ar  arising  from  different  failure 
mechanisms.  This  may  be  true  in  any 
particular  case,  but  the  analysis  in  this 
paper  shows  that  all  three  failure  rate 
characteristics  can  arise  from  a  single 
mechanism  obeying  the  same  decay 
characteristic.  Whether  it  is  increasing 
decreasing  or  constant  failure  rate  simply 
depends  on  the  distribution  of  the  failure 
mechanism. 

Limitations  of  This  Analysis 

This  is  a  theoretical  analysis,  with  the 
author  being  unaware  of  any  useful 
evidence  from  field  data.  This  is  the 
familiar  penalty  of  success  in  this  field 
with  engineers  achieving  a  very  low  level 
of  installed  fibre  failures. 

The  author  has  taken  the  view  that 
introducing  the  new  idea  of  failure  rate 
is  best  done  in  terns  of  the  common 
currency  of  reliability  calculations  which 
are  still  based  on  a  velocity  given  by 
AKi“,  where  n  is  constant,  and  the  Weibull 
distribution.  Extension  of  this  analysis 
to  crack  growth  models  based  on  an 
exponential  dependence  of  crack  velocity 
on  stress  intensity  factor,  or  on  an  n 
value  which  is  not  constant,  cannot  be 
attempted  here. 

The  feature  of  exactly  constant  failure 
rate  is  felt  to  arise  from  two  conditions: 
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( i )  a  crack  growth  law  which  is  strongly 
dependent  on  stress,  so  that  service 
failures  arise  from  such  a  narrow 
band  of  the  original  flaw 
distribution  that  they  have  an 
essentially  constant  density  of  flaw 
sizes 

(ii)  the  assumption  of  a  single  growth  law 
under  all  circumstances. 

The  degree  to  which  departures  from 
constant  failure  rate  are  seen  or 
predicted  by  other  models  will  then  depend 
on  the  degree  of  departure  from  these 
conditions . 


Conclusions 

Using  the  standard  assumptions  and  model 
of  flaw  size  distribution  based  on  Weibull 
statistics  and  a  velocity  v  =  AKj”,  it 
follows  that  the  failure  rate  of  a  fibre 
does  not  inevitably  increase  with  time 
under  tensile  stress.  The  normal  sequence 
for  proof  tested  fibre  is  an  initial 
period  of  constant  failure  rate  extending 
at  least  over  the  design  lifetime, 
followed  by  decreasing  failure  rate  and 
only  finally  a  period  of  increasing 
failure  rate.  Unbudgeted  strains  in 
manufacture,  installation  or  service  will 
only  make  the  fibre  less  reliable  if  they 
accelerate  this  progress  so  that  they  take 
it  into  the  region  of  increasing  failure 
rate. 
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ABSTRACT 

A  fiber  optic  cable  with  18  loose  tubes  stranded  in 
two  layers  was  developed  for  high  fiber  count 
applications  in  feeder  and  distribution  areas. 
Environmental  and  mechanical  testing  was 
conducted  in  accordance  with  Bellcore’s  TR-TSY- 
000020  and  appropriate  Fiber  Optic  Test  Procedures 
(FOTP)  for  this  cable,  and  it  met  or  exceeded  all  of 
the  requirements.  During  tensile  testing  of  the 
product,  it  was  noticed  that  the  outer  layer  core  had 
much  more  tensile  window  than  the  inner  layer.  In 
order  to  investigate  this  discrepancy  further,  several 
cables  were  manufactured  for  tensile  window 
analysis.  Since  the  conventional  formula  was  not 
adequate  for  predicting  the  tensile  performance,  a 
model  was  developed.  The  model  was  verified 
experimentally. 

INTRODUCTION 

As  more  optical  subscriber  systems  are  being 
deployed,  higher  fiber  count  optical  fiber  cables  in 
a  more  compact  design  are  desired.  In  addition,  the 
accessibility  to  fibers  at  various  points  along  the 
length  of  the  cable  is  an  important  concern.  Fiber 
counts  as  high  as  216  are  commonly  installed  for 
feeder  applications,  and  many  of  these  cables  are 
installed  in  ducts  where  cable  diameter  becomes 
very  critical.  In  order  to  meet  these  requirements, 
a  dual  layer  core  cable  was  designed,  manufactured, 
and  evaluated  for  environmental  and  mechanical 
characteristics.  The  cable  had  18  buffer  tubes 
stranded  in  two  layers;  6  tubes  stranded  around  a 
dielectric  or  steel  central  member  in  the  first  layer, 
and  12  tubes  stranded  around  the  inner  layer  in  the 
second  layer.  To  achieve  a  maximum  fiber  count 


of  216,  12  fibers  were  put  in  each  tube.  The  dual 
layer  design  was  chosen  to  make  the  cable  compact. 
Also  the  Reverse  Oscillating  Lay  (ROL)  stranding 
method  was  chosen  for  ease  of  mid  span 
accessibility  of  the  fibers.  During  the  initial 
evaluation,  it  was  found  out  that  in  order  to  pass 
water  penetration  test  consistently,  the  amount  of 
gap  between  the  inner  layer  tubes  had  to  be 
increased,  so  flooding  compound  could  penetrate 
inside  the  inner  tubes  and  central  member.  Also 
some  inconsistencies  were  noticed  when  lay  length 
of  the  outer  layer  was  measured.  This  variation 
was  due  to  the  inner  layer  core  twisting  during 
stranding  of  the  outer  layer  tubes.  To  prevent  the 
inner  core  from  twisting,  an  anti-torsion  device  was 
designed  and  installed.  During  long  length  tensile 
testing,  it  was  noticed  that  the  outer  layer  has  a 
much  larger  tensile  window  than  the  inner  layer 
core.  This  had  been  observed  previously  when 
testing  large  diameter  cables. 

This  paper  explains  the  design  of  this  dual  layer 
cable,  and  proposes  a  model  for  calculating  the 
tensile  window  of  the  outer  layer  core.  The 
formula  has  been  tested  experimentally  with  cables 
having  different  lay  lengths  and  central  member 
diameters. 

CABI.E  MANUFACTURE 

The  216  fiber  dual  layer  cable  cross  section  is 
shown  in  Figure  1.  The  cable  is  composed  of  6 
tubes  stranded  in  an  ROL  fashion  around  a 
dielectric  or  steel  central  member.  Each  tube  is 
fully  filled  and  contains  12  fibers.  A  binder  thread 
is  applied  over  the  inner  core  to  keep  the  tubes 
intact  for  further  processing.  An  additional  12 
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buffer  tubes  are  stranded  around  the  inner  tubes  in 
an  ROL  method,  and  binder  thread  is  again  applied. 
The  core  is  flooded  during  the  jacketing  process  and 
one  layer  of  aramid  yarn  is  applied  over  the  core 
before  medium  density  polyethylene  (MDPE)  jacket 
is  applied.  The  cable  has  the  same  diameter  as  a 
144  fiber  cable,  a  cable  in  which  12  buffer  tubes 
are  stranded  in  one  layer  around  a  central  member. 


Core  fully  filled  With 
Water  Blocking  Compounds 

Figure  1:  Dual  Layer  Loose  Tube  Cable 


Cable  D&sign  Theory 


The  cable  was  designed  to  have  a  maximum  of  216 
fibers  while  at  the  same  time,  maintaining  a  small 
diameter.  The  maximum  diameter  of  the  cable  was 
designed  to  be  19.0  mm.  With  this  diameter,  a 
cross  sectional  area  of  about  50  percent  of  the  cross 
sectional  area  of  the  inner  diameter  of  a  1  inch 
subduct  could  be  achieved.  This  small  diameter 
was  achieved  by  having  the  tubes  in  two  layers. 
The  lay  length  of  the  inner  layer  was  chosen  so  the 
bending  strain  of  the  fibers  would  not  exceed  20  % 
of  the  proof  stress  level.  In  the  case  of  fibers  proof 
tested  at  50  kpsi  this  equals  to  a  maximum  bending 
strain  of  0.1%,  as  calculated  by  Equation  1  below. 
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3  •  (coc»nic)) 


1  »  PSD 
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Bending  Strain 
Glass  Diameter,  mm 
Central  Member  Diameter,  mm 
Tube  Outer  Diameter,  mm 
Stranding  Lay  Length,  mm 


The  outer  layer  lay  length  was  also  chosen  by 
considering  the  same  design  parameters.  A  larger 
than  usual  central  member  was  chosen  for  the 
dielectric  version  because  of  the  extra  torsional 
modulus  needed  for  a  two  pass  stranding  operation. 
Also,  due  to  concerns  about  water  penetration  for 


dual  layer  core,  the  inner  layer  core  gap  size  was 
designed  to  be  larger  than  that  of  a  standard  cable 
for  a  better  penetration  of  the  flooding  compound 
inside  the  core  and  central  member.  Tensile 
strength  of  the  cable  was  increased  by  adding  a 
layer  of  aramid  yam  over  the  core.  The  amount  of 
yam  was  chosen  to  allow  installation  load  of  up  to 
2700  N,  as  shown  in  Equation  2. 


where  =  Cable  Strain 

P  =  Load,  kg 

E  =  Young’s  Modulus,  kg 

A  =  Cross  sectional  area,  mm^ 

Manufacturing 

There  were  some  processing  issues  when 
manufacturing  this  cable  design.  The  inner  layer 
core  was  the  same  as  a  standard  cable  core  with  the 
exception  of  the  larger  core  gap,  so  standard 
processing  conditions  could  be  utilized.  For  the 
outer  layer,  however,  there  were  additional 
concerns.  One  concern  was  the  high  frictional 
forces  on  the  outer  tubes  when  they  are  stranded 
over  the  inner  layer.  This  can  cause  significant 
problems  in  keeping  the  lay  length  accurate  and 
consistent.  In  order  to  overcome  this  potential 
problem,  we  determined  that  it  was  imperative  to 
have  a  strander  with  a  very  quick  reversal  speed 
when  stranding  the  outer  layer  of  this  cable  design. 
In  addition,  an  anti-torsional  device  was  developed 
and  installed,  which  held  the  inner  core  intact  when 
the  outer  layer  of  tubes  were  being  stranded.  Using 
this  apparatus,  we  were  able  to  achieve  both 
consistent  and  accurate  lay  lengths.  The  lay  length 
of  the  binder  thread  was  also  reduced  to  keep  the 
tube  positions  intact. 

RESULTS 


The  cable  was  tested  to  Bellcore  and  REA 
standards  for  both  mechanical  and  environmental 
performance.  The  cables  were  tested  in  accordance 
with  applicable  EIA  and  Bellcore  standard  test 
methods. 

Impact,  cmsh,  twist,  and  flex  testing  was 
performed.  Because  of  the  initial  concerns,  water 
penetration  testing  was  also  performed  several 
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times.  In  each  case,  the  cable  exceeded  industry 
standards  for  performance.  We  found  that  the 
maximum  water  penetration  at  any  location  of  the 
cable  was  less  than  10  percent  of  the  allowable 
penetration.  In  addition,  drip  testing  was  performed 
at  both  65  and  80  degrees  Celsius.  Because  of  the 
large  number  of  tubes  in  this  cable  designs,  there 
are  many  more  chances  for  failure  of  this  test.  In 
actual  testing,  we  found  no  problems.  Table  1 
summarizes  the  requirements  and  the  actual 
performance  of  the  cable  tested. 

Tensile  Testing 

For  testing,  we  used  mechanical  methods  for 
measuring  the  cable  strain,  and  time-of-flight 
technique  for  measuring  fiber  strain.  We  measured 
the  cable,  and  found  that  there  was  a  difference  in 
actual  and  theoretical  fiber  strain  between  the  inner 
and  outer  layers  although  both  layers  were  designed 
to  give  the  same  fiber  strain.  A  graph  of  the  results 
is  shown  in  Figure  2. 


CABLE/ FIBER  STRAIN  TENSilE  LOAD 


_ 

_ i 

3 

r* — 

— 

— *-1 

Load 


C«bl*  8tr«l« 


ibAcr  L*r*r  cs 


Oatai  l.«r«r  OBL 

V  Zniter  Layer  oa 


Figure  2:Cable/Fiber  Stress-Strain  Curve 


Outer  Leytr  Bfi 


In  order  to  investigate  the  cause  of  this  discrepancy, 
4  cables  were  manufactured  with  different  lay 
length  to  central  member  ratio.  Also  since  this 
discrepancy  had  been  noticed  for  large  cables  before 
which  usu^ly  have  12  fibers  per  tube,  a  tube  with 
6  fibers  and  a  tube  with  12  fibers  were  put  in  the  4 
trial  cables  to  investigate  the  effect  of  number  of 
fibers  per  tube  to  the  actual  tensile  window.  In 
order  to  keep  the  same  fiber  to  tube  ratio  for  all  the 
cables,  two  long  buffer  tubes,  one  with  6  fibers  and 
the  other  one  with  12  fibers,  were  manufactured 
and  cut  in  four  different  pieces  and  used  in  the 
cables. 


1  1 

Requirement 

Actual  1 

Method  I 

1  Impact 

25  impacts,  4  kg,  0.20  dB 

50  impacts,  8  kg,  0.06  dB 

EIA^55-25A 

1  Compression 

220  N/cm,  10  min,  0. 10  dB 

220  N/cm,  0.01  dB 

E1A^55^1 

Twist 

10  twists,  0.10  dB 

100  twists,  0.03  dB 

EIA-455-85 

Flex 

25  cycles,  0. 10  dB 

1000  cycles,  0.07  dB 

EIA-455-104 

Temperature  Bend 

-30/60  C,  0.20  dB 

-40/70  C,  0.03  dB 

EIA-455-37 

Cable  Freeze 

O.lOdB 

0.00  dB 

EIA-455-98A 

Compound  Flow 

65  and  80  C,  24  hrs 

No  Drip 

EIA-455-82A 

Water  Penetration 

1  m,  1  hours 

10  cm  max 

E1A^55-81  II 

Temperature  Cycling 

-40/65  C,  0.20  dB/km  max,  80  %  < 

0. 10  dB/km 

-40/70  C,  97  %  <  0.10  dB/km,  100 
%  <  0.20 

EIA-455-3A  1 

Cable  Aging 

85  C/120  hours,  0.40  dB/km  max,  80 
%  <  0.20  dB/km 

85  C/120  hours,  -40/70  C,  100  %  < 
0.20  dB/km 

EIA-455-3A  1 

Table  1 
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The  following  cables  were  manufactured: 


CABLE/ FIBER  STRAIN  .  TENSILE  LOAD 

8  Position  C4blt 


Cable  1:  6  position  cable,  LL/CM  =  25.7 
Cable  2:  8  position  cable,  LL/CM  =  18.3 
Cable  3:  10  position  cable,  LL/CM  =  14.8 
Cable  4:  12  position  cable,  LL/CM  =  12.6 

According  to  the  theoretical  calculation  using  the 
conventional  helix  formula  shown  in  Equation  3,  a 
0.2%  difference  in  the  tensile  window  between  the 
6  and  12  fibers  per  tube  (F/T)  should  be  obtained. 


c  =  (TOD+COD--)  (3) 

ttJ  2 

where  e, 

=  Tensile  Window 

TOD 

=  Tube  Outer  Diameter,  mm 

LL 

=  Stranded  Lay  Length,  mm 

COD 

=  Central  Member  Diameter,  mm 

W 

=  Free  Space  (Tube  ID  -  Fiber  Bundle 

Diameter) 

When  fiber  to  tube  ratio  measurements  performed, 
it  was  noticed  that  fibers  in  the  6  F/T  tube  were 
about  0.1%  shorter  than  the  fibers  in  the  12  F/T 
tube.  This  would  change  the  difference  in  the 
tensile  window  to  0. 1  % .  Two  hundred  meters  of 
each  cable  was  used  to  perform  the  long  length 
tensile  testing.  Fiber  strain  for  two  fibers  from 
each  tube,  and  cable  strain  were  monitored  during 
the  test.  Figures  3,  4,  5  and  6  show  the  results  of 
the  tests. 

CABLE/ Fiber  strain  vs  tensile  load 
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Figure  3 


cable/ Fiber  strain  tensile  load 
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Figure  5 


cable/fibep  strain  .-s  tensile  load 


13  Position  Cable 
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Figure  6 
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As  expected,  the  lower  the  ratio  of  lay  length  to  the 
central  member  diameter,  the  higher  the 
discrepancy  between  the  theoretical  and  measured 
tensile  window.  The  measured  tensile  window 
difference  between  the  fibers  in  two  different  tubes 
were  exactly  the  same  as  the  theoretical  difference, 
so  it  was  concluded  that  number  of  fibers  per  tube 
did  not  contribute  to  the  discrepancy.  A  curve  was 
generated  correlating  the  difference  between  the 
actual  and  calculated  window  to  the  ratio  of  lay 
length  to  central  member,  shown  in  Figure  7.  In 
addition,  other  cables  which  were  not  used  in 
generating  this  curve  were  tested.  Their  data  points 
were  plotted  to  verify  the  accuracy  of  this  model. 
The  graph  demonstrates  that  the  curve  was  a  good 
estimate  for  predicting  the  actual  tensile  window  of 
those  cables. 


Figure  7:  Correlation  Between  Lay  Length  to  Central  Member 
Ratio  and  Tensile  Window 

CONCLUSION 

A  loose  tube  compact  cable  with  fiber  counts  of  up 
to  216  was  successfully  developed.  This  has  been 
achieved  by  an  understanding  of  the  factors 
resulting  in  the  variation  in  the  lay  length  of  the 
second  layer,  and  the  tensile  window  of  that  layer. 
This  work  has  given  insight  to  the  tensile  window 
characteristics  of  large  loose  tube  cables.  For  these 
cables,  the  actual  tensile  window  was  larger  than 
the  calculated  value  using  the  conventional  helix 
formula,  and  was  related  to  the  tube  lay  lengths  and 
size  of  the  central  member  which  tubes  were 
stranded  around.  A  model  showing  this  relationship 
was  presented,  and  verified.  Although  further  work 
is  required  to  establish  in  detail  the  exact  reason  for 


this  relationship  and  how  this  relationship  can  be 
used  to  accurately  predict  the  window 
characteristics  of  the  cables,  this  model  can  be  used 
as  an  estimate  for  the  actual  tensile  performance  of 
loose  tube  cables. 
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ABSTRACT 

Simultaneously  determined  results  from  zero  stress 
ageing  and  static  fatigue  measurements  in  water  at 
65,  80,  and  BB'C  have  been  combined  into  a  worst 
case  fibre  lifetime  model  which  shows  good  agreement 
between  predicted  and  observed  failure  times.  The 
model  shows  that  the  lifetime  in  a  wet  environment 
of  the  largest  crack  at  normal  service  strain  (0.1%) 
is  nearly  identical  to  the  lifetime  of  the  pristine 
fibre  and  that  the  initial  strength  and  the  stress 
corrosion  exponent  are  of  minor  importance  for  the 
lifetime. 

Furthermore,  it  is  shown  that  degradation  in  a  water 
saturated  jelly-filled  cable  is  significantly  slower 
than  when  fibres  are  directly  immersed  in  water. 


1 .  IHTRODUCTIOll. 

The  traditional  lifetime  estimates  for  optical 
fibres  in  cables  are  based  on  the  classical  model  of 
stress  enhanced  corrosion  describing  the  growth  of 
cracks  under  the  Influence  of  stress  {!],  [2].  For 
typical  loose  buffered  optical  fibre  cables  the 
predicted  lifetimes  of  the  fibres  are  enormous. 
However,  for  buried  cables  without  a  metallic  mois¬ 
ture  barrier,  the  inherent  assumption  of  a  constant 
environment  is  not  fulfilled.  The  cables  are  sa¬ 
turated  with  water  (  100  %  R.H.)  after  a  short  time, 
typically  a  few  years.  Several  authors  have  found 
characteristic  transitions  in  static  fatigue 
experiments  for  fibres  in  water  leading  to  shorter 
lifetime  than  predicted  from  the  classical  model 
(3],  14).  In  (5],  (6)  and  [7]  the  transition  is 
explained  by  a  cooibinatlon  of  the  conventional 
stress  corrosion  theory  with  an  ageing  of  fibres  in 
water  under  zero  stress. 

The  aim  of  the  present  work  is  to  further  investi¬ 
gate  the  practical  aspects  of  a  lifetime  model 
combining  the  two  ageing  mechanisms. 


2.  ZERO  STRESS  AOEIMO  EXPERIMENT. 

The  fibres  ware  aged  in  loose  20  cm  coils  in  glass 
vessels  filled  with  deionized  water  buffered  to  a  pH 
value  of  7.  The  strength  of  the  fibres  was 
measured  at  ambient  conditions  24  hours  after 
leaving  the  water  in  an  Alwetron  Tensile  Tester  with 
a  strain  rate  of  10  %/min.  For  our  standard  dual  UV- 
acrylate  coated  fibre  the  strength  as  a  function  of 
storage  time  at  temperatures  65  "C,  80  ”C  and  95  *C 
is  shown  on  fig.  1. 


Fig.l  Medium  strength  of  fibres  as  a 
function  of  storage  time  in  water. 


To  the  measured  points  are  fitted 
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with  fitting  parameters  p  =  0.33  and  t  equal  to  3 
days  and  60  days  for  95  °C  and  80  ®C  respectively. 
At  65®C,  no  degradation  of  strength  has  yet  been 
observed,  o^q  is  the  measured  strength  at  the  time 
t  =  0. 


3.  STATIC  FATIGUE  NBASURENENTS . 

The  fibres  were  wound  on  glass  mandrels  and  stored 
in  the  same  glass  vessels  used  for  zero  stress 
ageing.  For  each  mandrel  size  the  median  time  to 
failure  is  shown  on  fig.  2  as  a  function  of  the 
strain.  The  curves  show  a  steep  slope  and  corre¬ 
spondingly  short  lifetime  at  high  strains  in 
agreement  with  an  n-value  close  to  20.  This  observa¬ 
tion  of  a  "knee"  has  been  made  by  several  authors 
[3],  [4],  [5],  [6]  and  [7].  The  arrows  indicate  that 
no  failure  has  been  observed  yet. 
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Fig. 2  Medium  time  to  failure  aa  a 
function  of  strain  for  fibres  wound 
on  mandrels  stored  in  water. 


4.  A  COMBINED  MODEL  FOB  THE  STATIC  FATIGOE  OF 
PRISTINE  FIBRES  IN  HATER. 

A  model  will  be  set  up  which  takes  into  account 
simultaneous  degradation  by  zero  stress  ageing  and 
stress  corrosion.  First  stress  corrosion  alone  is 
considered. 


n-2 


n 

a 


In  a  log  t,  vs.  log  o,  graph  this  is  a  straight  line 
with  a  slope  of  -n,  that  crosses  a  vertical  line 
through  o^  =  1  GPa  in  log  (fig.  3). 

This  is  the  generally  accepted  empirical  relation¬ 
ship  for  static  fatigue  of  optical  fibres  in  an 
2uiibient  environment.  The  lifetime  of  pristine  fibres 
can  be  predicted  without  a  specific  knowledge  of  the 
initial  strength  in  the  actual  environment,  only 
is  needed.  This  parameter  is  determined  from 
the  experimental  line. 


Fig. 3  Static  fatigue  graph, 
t  is  the  lifetime  of  the 
fibre  at  the  static  load  o^. 


4.1  Stress  corrosion 


The  classical  model  of  stress  corrosion  [ 1 ] , 
gives  a  rate  of  strength  degradation 


dt  B  n-2  ® 


[2] 


(2) 


where 

a  is  the  strength  at  the  time  t 

Og  is  the  static  stress 

n  is  the  stress  corrosion  exponent 

B  is  a  constant  containing  material  and  process 

parameters . 


(2)  is  straight  forward  solved 


(3) 


where  Oj  is  the  initial  strength  of  the  fibre. 

The  lifetime  t,  at  the  static  load  o,  is  found  from 
(3)  by  substituting  o  -  o,. 

(4) 


4.2  A  conbined  model  for  the  static  fatigue  of 
fibres  in  water 

The  simultaneous  effect  of  zero  stress  ageing  and 
stress  corrosion  on  strength  degradation  is  expres¬ 
sed  by 


do  _  /  do  , 
dt  ■  dt 


aaioatzaaa 


B  n-2  • 


*o^ 


(6) 


One  inherent  assumption  is  that  stress  corrosion 
always  takes  place  at  rates  corresponding  to  high  n- 
values  and  is  the  dominant  mechanism  at  high  stress 
levels  compared  to  the  fibre  strength.  This  is 
justified  by  [8]  which  shows  that  fibres  with  big 
flaws  undergo  stress  corrosion  with  n-values  close 
to  20.  [9]  demonstrates  that  bare  fibres  pre-aged  in 
water  show  static  fatigue  at  high  stress  levels  cor¬ 
responding  to  even  higher  n-values. 


The  rate  of  zero  stress  degradation  for  the  actual 
fibre  is  given  by  the  fit  (1).  Of  and  o^g  have  been 
measured  by  dynamic  strength  measur«nents,  and  they 
are  related  to  the  spontaneous  strengths  a  and  Cjg 
by  the  classical  relations  [2]: 

0,"*^=(|2+1)  (7) 


O,o"*^=(23+l) 


In  most  static  fatigue  experiments  where  the  right 

term  in  the  bracket  is  much  smaller  than  the  left  where  a  is  the  loading  rate.  Combining  (7)  and  (8) 
term  (4)  is  reduced  to  gives 
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(9) 
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Substitution  of  (9)  in  (1)  gives 

_®_  =  (1  +  ^)"'  (10) 
OiO 


with 


x= 


illi 

17-2 


*P 


(11) 


The  rate  of  strength  degradation  by  zero  stress 
ageing  is  found  from  the  derivative  of  (10) 


(^) 

dt’ 
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Fig. 4  Calculated  lifetime 
curves  and  experimental  data. 


Substitution  of  (13)  in  (6)  gives 


dt 


J.(-2_) 


jr-i 
O  > 


1 


3-Jl 

(13) 


It  Should  be  noted  that  the  scaling  parameter  Ojg 
for  zero  stress  ageing  is  the  initial  strength  of  a 
pristine  fibre,  while  Oj  is  the  initial  strength  of 
the  actual  fibre. 


For  a  pristine  fibre  (13)  is  reduced  to 


d(-2-) 

dt 


X-1 
X  __ 


(77-2) 


(_o 


(14) 


The  differential  equation  (14)  has  to  be  solved 
numerically.  The  result  of  the  calculation  for  fi¬ 
bres  in  95  "C  and  80  "C  water  is  shown  on  fig.  4 
with  the  experimental  points  from  fig.  2.  Also  shown 
are  results  of  static  fatigue  eicperiinents  in  normal 
ambient  environment. 

The  basic  parameters  for  the  calculation  are  written 
in  the  table  in  fig.  4.  The  n-value  has  been  chosen 
equal  to  20.  As  0|  has  been  chosen  7  GPa  which 
represents  typical  c.  values  measured  in  normal 
ambient  environments  for  fused  silica  fibres  [10]. 
The  most  important  parameters  r  and  8*0. have  been 
found  as  previously  descrllE>ed.  It  should  be  noticed 
that  the  lifetime  calculated  from  (14)  is  little 
affected  by  the  exact  value  of  Oj . 


5.  STATIC  PATIOint  OF  IRMI-PKISTXm  FIBUIS 


5.1  Static  fatigue  of  a  pre-aged  fibre 


strain  (%) 

□  pristine  fibre  at  95  Z 

.fibre at  95  C  after  170  (days  pre-ageing  at  95  C 


Fig. 5  Calculated  and  measured 
static  fatigue  of  a  pristine  fibre 
and  a  pre-aged  fibre  at  95  °C. 


For  fibres  presoaXed  in  water  at  80  and  95  °C  at  zero 
stress  static  fatigue  experiments  have  been  carried 
out  at  the  same  temperatures.  The  results  are  shown 
on  fig  5  and  6  together  with  the  results  obtained  at 
the  same  temperatures  for  the  pristine  fibre. 


He  have  used  the  zero  stress  ageing  mechanism  to 
create  low  strength  fibres  with  a  narrow  distribu¬ 
tion  of  strength. 


Also  shown  are  80  and  95*C  lifetime  graphs  that  have 
(seen  calculated  according  to  equation  (13)  using  the 
parameters  shown  in  the  two  tables. 
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strain  (%) 

«  pristine  fibre  at  80  C 

o  fibre  at  80  D  after  170  days  pre-ageing  at  80  C 


Fig. 6  Calculated  and  measured 
static  fatigue  of  a  pristine  fibre 
and  a  pre-aged  fibre  at  80  °C. 


The  most  significant  parameter  for  curves  2  and  4  Is 
8*0.’’*'  which  has  been  found  using  the  method  of 
section  4  assuming  a  constant  n-value  of  20.  o.  has 
been  found  from  the  horizontal  shift  Illustrated  in 
fig.  7. 

ht  both  temperatures  there  Is  good  correlation  be¬ 
tween  calculated  and  experimental  data.  Of  special 
importance  Is  the  fact  that  the  experiments  verify 
the  delay  of  the  "knee"  for  lower  strength  fibres  as 
predicted  by  the  model. 

At  SS’C,  In  the  low  stress  region  with  ageing  times 
above  200  days  the  experimental  values  deviate  from 
the  predicted  curve.  A  nearly  horizontal  curve  Is 
observed  as  opposed  to  the  calculated  slope  of  -2.4. 
A  microscopic  Investigation  of  these  fibres  (aged 
for  app.  200  days  at  95"C)  showed  that  the  outer 
coating  had  cracked  all  along  the  fibre.  In  this  way 
the  chemical  environment  has  been  disturbed  and 
access  of  water  to  the  fibre  surface  was  facilita¬ 
ted.  We  believe  this  is  the  reason  for  the  deviation 
and  that  It  la  caused  by  the  very  high  test 
temperature. 


5.2  Static  fatigue  of  a  proof  tested  fibre 

For  the  worst  flaw  In  a  proof  tested  fibre  the  Ini¬ 
tial  strength  la  O:  >  o  >  where  a  Is  the  proof  test 
stress.  '  ^ 

The  basic  static  fatigue  parameters  for  alt  proof 
tested  fibre  in  water  at  95  "C  are  written  In  the 
table  in  fig.  8. 

The  result  of  the  calculation  is  also  shown  on  fig. 
8.  It  is  seen  that  at  low  static  strains  near  0.1  4 
the  lifetime  of  the  worst  flaw  Is  very  close  to  the 
lifetime  of  a  pristine  fibre.  Consequently  the  exact 
knowledge  of  the  classical  stress  corrosion 
parasMters  n,  8  and  Oj  Is  not  laiportant.  For  fibres 
in  wet  environments  at  high  temperatures  the  zero 
stress  ageing  predominates  at  stress  levels  normally 
used  in  optical  cables. 


Fig. 7  Static  fatigue  graph  for  a 
pristine  and  a  pre-aged  fibre. 
Calculation  principle. 


6.  FIBRE  OBORADATIOW  IN  HUMID  CABU  EMVIRCMIMEIIT . 

In  order  to  Investigate  the  degradation  of  fibres  In 
water  saturated  cables  the  following  test  was  set 
up. 

1.  A  metal  free  slotted  core  cable  with  two  fibres 
with  different  dual  acrylate  coatings,  A  and  B,  was 
stored  In  65  °C  water  for  21  weeks  In  a  nearly 
stress-free  state.  The  tensile  strength  was  measured 
regularly  as  In  section  2  (fig.  9). 

2.  The  same  fibres  were  tested  at  65"C  as  in  section 
2  directly  Immersed  In  water.  These  results  are  also 
shown  on  fig. 9. 

3.  The  static  fatigue  behaviour  of  the  same  fibres 
at  80"C  was  tested  at  strains  from  1.7  to  3.5%  with 
the  fibres  wound  around  mandrels  made  of  the  slotted 
core  material  and  embedded  In  filling  compound. 
Around  this  sample  a  heat  shrinkable  PE  tube  was 
mounted  and  the  whole  assembly  was  placed  under 
water  In  such  a  manner  that  water  could  not 
penetrate  from  the  ends.  Fibre  breaks  were  observed 
when  light  transmission  was  disturbed. 

The  results  are  shown  on  fig  10  together  with  static 
fatigue  curves  using  the  normal  mandrel  method 
(section  3). 

The  protective  effect  of  the  actual  CcUsle  en¬ 
vironment  (filling  compound)  Is  clearly  demonstrated 
by  the  tests  (fibre  A,  fig.  10),  and  the  Importance 
of  the  zero  stress  ageing  Is  also  underlined.  Fibre 
A,  which  ages  much  faster  than  8  at  zero  stress  also 
has  much  shorter  failure  times  In  the  static  fatigue 
plot  (the  ")tnee"  occurring  around  100  times  faster). 

SUMMARY. 

An  empirical  model  has  been  developed  which  predicts 
the  failure  times  of  stressed  dual  acrylate  coated 
fibres  In  water.  The  predicted  lifetimes  are  In  good 
agreement  with  the  observed  values.  It  Is  shown  that 
exact  )tnowledge  of  o^,  8,  and  n  is  unimportant 
whereas  the  time  factor  r  for  the  zero  stress  ageing 
Is  essential  for  the  lifetime. 

It  has  been  shown  that  the  time  factor  Is  strongly 
dependent  on  not  only  temperature  but  also  the  phy¬ 
sical-chemical  environment.  Coating  type  Is  Impor¬ 
tant  but  It  la  also  worth  noting  that  the  cable 
environment  can  have  a  preserving  effect  on  the 
fibres  even  when  the  cable  Is  fully  saturated  with 
water. 
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Fig. 8  Calculated  static  fatigue  for 
a  pristine  fibre  (1)  and  a  1%  proof 
tested  fibre  (2)  in  water  at  95  "C. 


Fig. 9  Medium  strength  of  fibres  A 
and  B  as  a  function  of  storage  time 
in  water  at  65  ”0. 
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Design  and  qualification  of  optical  fiber  coating 
for  ribbon  fiber 

N.  Akasaka,  W.  Katsurashima,  T.  Nonaka,  T.  Hattori,  Y.  Matsuda, 
Sumitomo  Electric  Industries,  Ltd.,  Yokohama,  JAPAN 


ABSTRACT 

This  paper  presents  the  design  considerations  for 
ribbon  fiber  which  Is  used  advantageously  for  high  count 
cable  design  and  reduction  In  splicing  time,  and  also  the 
qualification  of  the  present  ribbon  fiber  which  has  been 
Introduced. 

1.  INTRODUCTION 

Towards  the  2 1  st  century,  the  construction  of  all  fiber 
optic  subscriber  networks  has  been  started  to  develop  to 
distribute  more  Informative  and  Instructive  services  to 
every  hornet  1 ).  In  order  to  apply  optical  fibers  widely  to 
these  new  subscriber  networks,  their  cost  reduction, 
improvement  of  quality  and  long  term  reliability  are  more 
desired.  From  such  a  viewpoint,  ribbon  fibers  have  been 
advantageously  used  for  high-count  cable  designs  and 
reduction  In  splicing  time.  Considering  a  slotted  core 
ribbon  cable  design  introduced  in  Japan(2),  in  order  to 
satisfy  a  variety  of  required  properties  such  as  optical 
transmission  characteristics,  handling  for  splicing  or 
connecting  and  long  term  reliability,  the  ribbon  fiber 
technology  should  be  completed  by  summarizing  not  only  a 
lot  of  other  elemental  technologies  but  that  of  only  drawn 
fiber! 3)  For  this  technology,  this  paper  presents  design 
considerations  for  coating  materials  of  ribbon  fiber  which 
have  been  developed. 


,  secondary  coaHng 
—  Inked  Layer 
"  rtjbon  marrfcc 


■  *  1^1 

Structures  of  a  slotted  core  ribbon  cable 

and  ribbon  fiber 


2.  COATING  DESIGN  CONSIDERATIONS  FOR  RIBBON 
FIBER 

2-1  Optical  transmission  characteristics. 

(1)  Anti-lateral  force  performance 

Since  a  slotted  core  ribbon  cable  design  Is  based  on 
tight  structure  as  shown  In  FIG.  1  and  accordingly  ribbon 
fibers  are  tightly  placed  in  a  slotted  core  under  some 
tension,  the  ribbon  fibers  are  subject  to  stresses  from 
the  slotted  core  and  each  other  Therefore,  It  Is  necessary 
to  design  the  coating  system  which  is  resistant  to  lateral 
forces. 


FIG.2  Calculation  model  of  FEM  analysis 

At  first,  stress  analysis  of  ribbon  fiber  by  finite 
element  method(FEM)  was  performed  as  a  function  of 
Young's  modulus  or  thickness  of  each  coating  materials. 
The  calculation  model  used  In  this  analysis  is  shown  In 
FIG.2  and  tne  results  of  the  calculation  are  represented  in 
FIGs.3,4  and  5.  FIG.3  shows  the  stress  analysis  of  ribbon 
fibers  providing  a  variety  of  the  modulus  of  the  primary 
coating  materials  as  a  function  of  the  primary  coating 
diameter.  It  has  been  found  that  for  250Lim  diameter 
fiber  there  is  an  optimum  primary  diameter  between 
190um  and  21  Opm.  FIGs.4  and  5  show  the  same  analysis 
as  functions  of  moduli  of  the  secondary  and  t;>e  ribbon 
matrix  materials  respectively.  Anti-lateral  force 
performance  Is  expected  to  be  significantly  improved  by 
Increasing  the  modulus  of  the  secondary  coating  or  the 
ribbon  matrix  material  and  by  decreasing  the  modulus  of 
the  primary  coating  material 
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FIG  J  Stress  analysis  of  ribbon  fiber  providing 
three  kinds  of  moduli  of  the  primary 
coating  material  as  a  function  of 
the  primary  diameter 


FIG.5  Stress  analysis  of  ribbon  fiber  providing 
three  kinds  of  moduli  of  the  primary 
coating  material  as'a  function  of 
moduli  of  the  secondary  coating 


0  100  200  300 

Modulus  of  the  secondary 
coating  (kg/mid) 


F1G.4  Stress  analysis  of  ribbon  fiber  providing 
three  kinds  of  moduli  of  the  primary 
coating  material  as  a  fiinction  of 
moduli  of  the  secondary  coating 


Next,  on  basts  of  above  stress  analysts,  ribbon  fibers 
were  prepared  tn  comblnattui)  with  the  primary,  secondary 
and  ribbon  matrix  materials  shown  In  TABLE  1.  These 
were  Investigated  on  the  anti-lateral  force  performance. 
Generally  metal  plate  test  Illustrated  In  FI6.6  has  been 
used  as  criteria  for  anti-lateral  force  performance. 
However  this  test  seems  to  be  suitable  for  the  simulation 
of  the  collapse  of  cable  with  a  relatively  high  stress,  so 
that  It  is  Inadequate  to  evaluate  the  lateral  force  experienced 
by  the  ribbon  fibers  during  cable  making.  We  have 
developed  ’bobbin  winding  test"  which  is  suitable  for  th- 
evaluation  of  anti-lateral  force  performance  for  delicate 
fibers.  This  test  Is  Illustrated  In  FIG. 7.  A  ribbon  fiber  Is 
wound  In  one  layer  under  some  tension  on  a  bobbin  wrapped 
with  a  *250  sand  paper  and  Is  measured  with  OTDR.  Two 
experimental  rlboon  fibers  characterized  In  TABLE  1  were 
measured. 

TABLE  1  Properties  of  dOribbon  fibers  for  the  test 


Primary 

0.13  0.07 

_ 

0.13  0.07 

0.13  0.07 

0.13  0.07 

Secondary 

■a 

150 

60 

150 

Ribbon 

80 

150 
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5cm 


FIG.6  Illustration  of  metal  plate  test 


FIG.7 

Illustration  of  bobbin  winding  test 


From  thts  test,  tt  has  been  found  that  added  losses  for 
the  fibers  with  the  primary  coating  material  of  the  lower 
modulus  were  able  to  be  reduced  to  about  one  third.  On 
the  other  hand,  using  the  secondary  coating  or  ribbon 
matrix  material  of  higher  modulus  was  not  effective  than 
expected  by  the  calculation.  A  slotted  core  ribbon  cable 
was  fabricated  as  a  trial  test  using  ribbon  fibers  with  an 
optimum  coating  structure  and  the  same  effect  of  the  lower 
primary  coating  material  was  proved  as  in  the  bobbin 
winding  test  results.  According  to  a  series  of  test  results, 
the  lowest  primary  coating  material  has  been  started  to 
develop. 


(2)  Temperature  characteristics 

For  the  slotted  core  ribbon  cable,  it  is  necessary  to 
pay  the  attention  to  temperature  characteristics  not  only 
at  low  temperatures  but  at  high  temperatures.  At  the  low 
temperature,  it  has  been  considered  that  the  cause  for  the 
added  transmission  losses  is  fiber  buckling  due  to  the 
force  generated  by  the  increases  in  the  modulus  of  coatings 
and  differences  in  expansion  coefficient  between  the  coating 
and  glass  fiber.  Low  temperature  characteristics  dose  not 
have  serious  problems  if  the  coatings  are  used  with  low 
modulus  at  low  temperatures. 


Also,  it  has  been  known  that  low  temperature 
characteristics  become  worse  due  to  the  presence  of  bubbles 
in  the  coatings(4).  In  this  problem,  many  experiments 
were  made  with  various  bubbles  densities  and  coating 
designs,  and  it  has  been  found  that  there  is  little  effect  of 
the  presence  of  bubbles  in  the  secondary  coating  on  optical 
transmission  characteristics  however  the  presence  of  more 
than  allowed  bubbles  in  the  primary  coating  causes  the 
added  loss.  It  was  also  proved  that  the  more  bubbles  exist 
therein  or  the  larger  the  primary  coating  diameter  is,  the 
more  significantly  added  losses  at  low  temperatures 
increase.  At  present  the  bubble  free  drawing  technology 
has  been  established  by  the  investigation  of  coating  device 
designs.  And  also  for  the  worse,  a  bubble  detection  in-line 
sensor  has  been  being  developed. 

At  high  temperatures,  since  the  slotted  core  made  of 
HOPE  expands  with  heat,  the  ribbon  fibers  are  pressed  to 
the  slotted  core  and  moduli  of  coating  materials  become 
small  accordingly,  the  anti-lateral  force  characteristics 
are  getting  worse  and  added  losses  are  likely  to  occur 
rather  than  at  low  temperatures.  In  order  to  simulate 
this  phenomenon,  the  bobbin  winding  test  without  sand 
paper  is  also  performed.  A  ribbon  fiber  is  wound  on  a 
bobbin,  afterward  the  bobbin  is  put  in  a  constant 
temperature  chamber  and  the  transmission  loss  is 
monitored  keeping  high  temperature.  The  same  ribbon 
fibers  as  shown  in  T ABLE  1  are  tested.  The  added  losses  at 
60*C  have  been  reduced  to  about  one  third  by  the  ribbon 
fiber  with  the  lower  primary  coating  material.  Also  using 
higher  modulus  materials,  the  effect  of  loss  reduction 
corresponding  to  differences  of  modulus  at  high 
temperatures  has  been  achieved.  However,  in  general, 
higher  modulus  at  high  temperatures  leads  to  the  great 
increase  of  modulus  at  low  temperature.  So  in  consequence, 
there  is  an  allowable  limit  of  its  modulus. 

(3)  Surface  friction 

Remaining  distortion  of  ribbon  fibers  in  a  slotted  core 
or  bending  distortion  of  fiber  during  cable  making  and 
installing  are  the  important  performance  factors  related 
to  not  only  the  stability  of  transmission  characteristics 
but  long  term  reliability  of  glass  breakage.  Several  ribbon 
fibers  are  tightly  placed  in  a  slotted  core  with  some 
distortion.  If  a  tack  of  exists  on  the  surfaces  of  ribbon 
fibers  or  the  ribbon  matrix  material  with  significantly 
high  friction  is  used,  tacking  occurs  between  adjacent 
ribbon  fibers,  resulting  in  hard  controllability  of  ribbon 
fiber  length  in  the  slot,  and  larger  bending  distortion  Is 
applied  to  the  fiber  than  designed  when  the  cable  is  bent 
into  a  relatively  small  radius,  resulting  tn  apprehension 
of  long  term  reliability  of  glass  breakage  Accordingly, 
the  ribbon  matrix  material  should  be  cured  in  the  inert 
atmosphere  without  oxygen  and  it  is  necessary  to  use  the 
lowest  frictional  material  as  for  as  the  winding  condition 
of  the  ribbon  fiber  might  no  change. 
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2-2  Handlinq  Drocerties  for  mass  fusion  soliclnn  or 


(1)  Strippablllty  of  coating  materials 


A  ribbon  fiber  has  the  advantage  of  mass  fusion 
splicing.  It  alms  at  reduction  In  splicing  time.  To  enable 
this  splicing,  all  coating  of  ribbon  fiber  should  be  easily 
removed  at  once.  After  removal,  there  should  not  be  any 
tenacious  residues  on  the  glass.  On  the  other  hand,  If  the 
adhesion  Is  too  poor,  every  fiber  in  ribbon  can  move  easily 
during  mass  fusion  splicing  operation,  resulting  In 
"Irregularity  of  fiber  arrangement"  Illustrated  In  FlG.8 
and  ribbon  fibers  cannot  be  mass-spliced. 


irregularity  of  fiber  arrangement 


ribbon  fiber  glass  fiber 


FIG.8  Illustration  of  irregularity 
of  fiber  arrangement  in 
ribbon 


Therefore,  it  has  betn  found  that  there  is  suitable 
adhesion  between  the  primary  coating  material  and  glass 
for  ribbon  fiber.  We  have  much  Investigated  the  properties 
which  play  a  major  role  in  facility  of  mass  fusion  splicing 
and  then  it  has  been  found  that  modulus  and  peel  strength 
of  the  primary  coating  material.  Peeling  strength  is  defined 
as  a  force  of  pulling  and  peeling  the  primary  coating  film 
from  a  glass  plate.  The  results  are  shown  In  FIG.9.  As 
can  be  seen.  It  has  been  found  that  there  exist  the  regions 
which  satisfy  both  opposite  properties  when  subjected  to 
various  operating  environments  such  as  high  temperature, 
high  humidity  and  filling  compound  Immersion.  For 
example,  when  the  fiber  Is  subject  to  high  humidity 
condition,  the  Ihterface  between  the  primary  coatihg  and 
the  glass  Is  varying  as  shown  In  FIG.  1 0  and  the  adhesion 
force  Is  reduced.  The  effect  of  aging  for  1 20days  at  60'C 
and  95%  relative  humldlty(RH)  and  filling  compound 
Immersion  at  85'C  on  the  strlppthg  force  of  drawn  fiber 
and  ribbon  fiber  Is  shown  In  FIG.  1 1 .  Long  term  reliability 
In  these  properties  has  been  confirmed 


Peeling  strength 


FIG.9  Relationship  between  peeling 
strength  and  modulus  of  primary 
coating  for  mass  fusion  splicing 


(1)  interface  between  primary 
coating  and  glass 


(2)  moisture  penetration 


FIG.10  Interface  between  primary 
coating  and  glass  at  moisture 
penetration 
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FIG.11  Long  term  reliability  of  stripping 
force  for  drawn  and  ribbon  fibers 
under  high  humidity  and  filling 
compound  immersion 


(2)  Separability  of  ribbon  matrix  material  from 
Inked  fibers 

According  to  the  cable  installed  situation,  the  ribbon 
fiber  Is  unl-spllced  or  connected  In  the  field  without  mass 
fusion  splicing.  If  the  ribbon  fiber  is  manufactured  using 
Inked  fibers  without  an  appropriate  treatment.  Inked  fibers 
would  adhere  strongly  to  the  ribbon  matrix  material  and 
they  could  hardly  separate  from  each  other.  When  each 
inked  fibers  are  forced  to  separate  from  the  ribbon  matrix 
material  In  order  to  uni-splice,  ink  may  stick  to  the 
ribbon  matrix  material  and  the  function  for  Identification 
may  be  useless.  As  the  means  of  solving  this  pr'^blem,  the 
method  of  using  UV  curable  Ink  added  a  release  agent  has 
been  Introduced  to  reduce  adhesion  to  the  ribbon  matrix 
material,  in  selecting  the  release  agent,  needless  to  say, 
the  performance  of  ribbon  fiber  should  not  be  deteriorated. 


Wrong  selection  of  this  agent  may  cause  many  problems 
such  as  Irregularity  of  Inked  fiber  surface,  reduction  In 
curing  speed,  poor  adhesion  to  the  secondary  coating  and 
so  forth.  Nevertheless,  according  to  the  storage  condition 
of  drawn  fibers  before  Inking,  adhesion  of  ink  to  the  drawn 
fiber  may  be  poor  even  with  this  treatment.  Therefore, 
In  order  to  Improve  this  property,  further,  some  methods 
shown  In  TABLE  2  have  been  being  developed. 


Enhanced  adhesion 

between  Ink  and 
secondary  coating 

Reduced  adhesion 

between  ribbon 

matrix  and 
secondary  coatinc 

Drawing  In  the 
presence  of  very 
few  oxygen 

O 

Corona  discharge 
on  the  surface  of 
the  secondary 
coating  before 
Inking 

O 

UV  radiation  on 

the  surface  of  the 
secondary  coating 
before  Inking 

O 

Ribbon  matrix 

material  with 
release  agent 

o 

More  than  release 
agent  In  UV-1nk 

o 

TABLE  2  improvement  of  separability  of 
ribbon  matrix  material  from  inked 
fiber 
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2-3  Long  term  reliability 

Considering  the  circumstance  to  which  a  cable  is 
exposed  and  the  cable  design,  long  term  reliability  in  the 
performance  of  ribbon  fiber  used  in  the  cable  must  be 
assured.  As  for  circumstance,  service  temperatures  are 
evaluated  in  the  range  of  -40*Cto85’C,  with  high  humidity 
or  filling  compound  immersion  depending  on  cable 
waterproof  structures. 

(1)  Good  compatibility  with  rilling  compound 

The  performance  of  the  coated  fiber  may  be  deteriorated 
due  to  contact  with  filling  compound,  in  particular,  adhesion 
between  the  primary  coating  and  glass  fiber  is  reduced 
because  part  of  based  oil  included  in  filling  compound 
penetrate  into  the  coatings  and  arrive  at  the  interface  of 
the  primary  coating  and  the  glass.  Of  course,  this  problem 
is  responsible  for  not  only  the  coating  materials  but  filling 
compounds.  As  reported  at  the  previous  IWCS,  the  based 
oil  with  high  molecular  weight  should  be  used  for  filling 
compound(5).  It  is  desired  that  coating  material  should 
not  be  influenced  by  any  filling  compounds.  As  a  result  of 
the  experiment  on  the  interface  of  filling  compound 
penetration,  the  suitable  coating  system  has  been  found  to 
select  the  adhesion  promoter  against  oils  and  to  minimize 
the  swelling  of  oils  in  consideration  of  the  cross  linking 
density  or  oligomer  compositions  of  the  coating  materials. 


(2)  Moisture  resistance 

For  a  cable  structure  with  PE  sheath  and  swelling 
material,  moisture  penetrates  through  the  sheath  into  the 
cable.  Though  water  generated  by  heat  cycling  condition 
is  absorbed  into  the  swelling  material,  the  humidity  of 
inner  cable  may  become  significantly  high.  Therefore 
long  term  reliability  of  ribbon  fiber  should  be  estimated 
under  high  humidity.  The  important  evaluated  properties 
are  the  change  of  adhesion  to  each  materials  or  the  primary 
coating  material  and  glass  fiber  and  optical  transmission 
characteristics.  In  very  small  voids  somewhere  at  each 
interfaces,  and  then  blistering  may  occur  at  any  Interfaces, 
resulting  in  microbending  loss.  Accordingly  the  selection 
of  coating  materials  must  be  carefully  considered.  Our 
ribbon  fiber  exhibits  the  absence  of  change  for  90days  at 
60'C  and  95%RH  on  optical  transmission  characteristics. 

3.  CONCLUSION 

In  order  to  meet  all  requirements  desired  for  ribbon 
fibers,  with  design  considerations  of  all  coating  materials 
which  the  ribbon  fiber  is  made  of  and  reliability  can  be 
obtained.  Further,  in  future  the  ribbon  fiber  which  can 
stand  severer  environments  should  be  developed. 
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ABSTRACT 

Two  types  of  optical  fibers  and  three  filling  jelly 
compounds  are  combined  to  conduct  an  accelerated  aging 
test  at  50°,  70°,  and  100°C  to  study  the  effect  of  jelly 
compounds  on  the  long  term  reliability  of  optical  fiber.  The 
performance  of  fibers  are  evaluated  by  measuring  the 
changes  of  fiber  strength,  color,  weight  ,  coating 
strippability,  and  bending  resistance  upon  aging  in  jellies. 
When  thermally  aged,  the  fibers  showed  a  weight  loss,  an 
increase  of  strength  and  strip  force.  However,  when  aged  in 
jelly  compounds,  they  showed  as  a  weight  gain,  a  deduction 
of  fiber  strength,  and  an  increase  of  strip  force  that  was  still 
lower  that  induced  by  thermal  aging.  In  addition,  aging  in 
jelly  at  elevated  temperatures  cause  the  deterioration  of 
coating  that  reduces  the  coating  buffer  effect  to  result  in  a 
decrease  of  bending  resistance  of  higher  bending 
attenuation. 


INTRODUCTION 

Optical  communication  has  essentially  taken  most  of 
the  load  from  telecommunication.  From  trans-ocean  to 
fiber  to  the  home,  optical  fiber  is  one  of  the  most  important 
transmission  medium  today.  However,  it  has  been 
recognized  that  optical  fiber  is  extremely  susceptible  to 
water  or  moisture  which  cause  the  deterioration  of  fiber 
strength  and  the  increase  of  transmission  loss^  To  protect 
optical  fiber  cable  from  water  penetration,  filling  the  cable 
with  Jelly  type  compounds  is  the  choice  of  solution.  It  has 
the  advantage  of  low  cost  in  contrast  to  the  high  cost  of  gas 
maintenance  system  and  more  reliable  comparing  to  that  of 
dry  type  system  which  is  implemented  with  superabsorbents 
as  the  water  blocking  materials.  Therefore,  jelly  immersed 
fibers  is  the  inevitable  choice  for  user  and  the  reality  that  the 
fiber  will  be  affected  by  the  jelly  compounds  becomes 
conceivable  if  compatibility  problem  arises  between  the  fiber 
coating  and  jelly  compounds.  Especially,  different  types  of 
fiber  coatings  used  by  the  fiber  manufacture  which  then 
combined  with  diversified  jelly  compounds  by  cable 
manufacturer  to  make  commercial  cables.  This  leaves  the 


end-user  always  uncertain  whether  the  cables  they  bought 
will  be  as  reliable  as  they  expects.  Some  previous  studies 
did  show  that  improper  coating  composition  may  affect  the 
fiber  performance^  such  as  the  tensile  strength,  and  water 
resistance,  the  impact  of  improper  jelly  to  the  overall 
performance  of  a  polymer  coated  fiber  was  not  yet  well- 
understood  and  addressed.  However,  we  found  by  occasion 
that  the  fiber  in  a  jelly  filled  cable  which  has  stored  for  2.5 
years  showed  apparent  deterioration  in  its  strength  and 
appearance.  As  a  result,  a  systematic  in-situ 

characterization  of  the  jelly  effects  on  the  long  term 
reliability  of  optical  fibers  seems  necessary  and  worth  to 
take  in  the  hope  to  ensure  the  reliability  requirements  as 
specified  is  adequate  to  screen  out  the  unqualified  cables. 


EXPERIMENTAL 

Materials; 

Samples  of  fibers  designated  as  U-fiber  and  V-fiber 
are  commercial  available.  Three  jelly  compounds 
designated  as  JF,  JC,  and  JT  are  also  commercial  available 
and  obtained  from  cable  manufacturers  Both  fibers  are 
single  mode  fiber  (125  pm  )  coated  with  dual  coatings  in  a 
diameter  ca.  250  pm. 

Aging; 

U-fiber  and  V-fiber  were  cut  to  numbers  of 
SAMPLES  at  a  length  of  ca.2000  m  which  were  loosely 
wound  as  circles  (diameter  =  300  mm)  and  placed  in 
containers  with  the  ends  of  fibers  outside  the  containers. 
The  samples  were  aged  at  50°,  70°,  and  100°C  with  one 
group  in  air  and  the  other  group  immersed  in  jelly 
compounds  (U-fiber  in  JF,  V-fiber  in  JC  or  JT).  Sample  of 
fibers  were  removed  from  aging  at  period  of  time  and  the 
change  of  weight,  tensile  strength,  strip  force,  and  bending 
loss  were  measured. 

Weight  changes: 

Samples  of  fibers  were  weighed  by  a  micro  balance 
before  and  after  aging. 
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Tensile  strength: 

Minimum  of  25  specimens  for  each  sample  were 
measured  in  a  Universal  Testing  Machine  using  a  gage 
length  of  500  mm  and  a  strain  rate  of  20mm/min  in  a 
laboratory  ambient  environments  of  23°C  and  relative 
humidity  of  60%. 

Strip  force: 

Minimum  of  10  specimens  of  each  sample  were 
measured  in  a  customized  stripping  tensile  testing  machine 
mounted  with  a  commercial  stripping  tool  (0.18/0.30).  The 
gage  length  is  100  mm  and  stripping  length  is  30  mm  with  a 
stripping  rate  of  500mm/min.  Strip  force  were  collected 
through  out  the  stripping  process.  Each  sample  datum  was 
taken  from  the  median  of  10  tested  specimens. 

Bending  ( macrobending)  loss: 

The  attenuation  of  each  sample  (ca.  1000  m)  was 
measured  in  a  commercial  spectrum  meter  scanned  from 
1000  nm  to  1600  nm  using  cut-back  method.  First,  the  ends 
of  a  loosely  winding  sample  (diameter^SOO  mm)  was 
coupled  to  the  input  and  output  of  a  spectrum  meter  and  the 
power  output  (Pg)  was  measured.  Second,  taking  the 
middle  part  of  the  testing  fiber  without  disturbing  the  input 
and  output  coupling  and  winding  the  fiber  on  the  outside  of 
a  glass  mandrel  (diameter=30,  40,  50  mm)  for  5  or  10  turns. 
The  power  reading  was  then  taken  as  (Pj)  according  to  each 
specified  mandrel  diameter  and  number  of  turns.  Finally, 
cut  the  fiber  back  to  a  length  of  2  m  and  reconnect  it  to  the 
detecting  position.  Obtain  a  short-length  power  (Pf)  as  the 
reference.  Attenuation  (Aj)  of  each  bend  condition  was 
then  calculated  as:  Aj  =  10  log  (Pf/Pj)  i=  0,  1,  2, ... 

RESULTS  AND  DISCUSSION 
Thermal  aging  in  air 

Fig.  1  showed  the  changes  of  the  median  strength  of 
U-fiber  and  V-fiber  upon  aging  in  air  at  50°,  70°,  100°C  and 
25°C.  Before  aging,  U-fiber  appears  stronger  than  V-fiber 
and  it  remains  true  after  120  days  of  aging.  The  extent  of 
thermal  effect  on  the  strength  of  two  tested  fibers  showed 
quite  distinct  .  An  increase  of  strength  occurred  on  V-fiber 
when  aged  at  70°  and  100°C  while  little  strength  variation 
was  observed  on  U-fiber.  This  fact  was  consistent  to  the 
observation  of  color  changes.  V-fibers  became  yellowish 
when  they  were  aged  to  14  days  at  70°C  and  100°C,  but  U- 
fiber  remained  as  look-alike  as  beginning.  However, 
prolonged  aging  beyond  60  days  resulted  an  adverse  drop  of 
the  progressive  rising  strength  to  a  level  that  near  that  of  the 
unaged  samples  (except  for  those  aged  at  100°C).  Similar 
aging  time  effect  can  be  seen  in  the  strip  force  change 
profiles  (  Fig  8,  9,  10  ).  Both  fibers  showed  a  significant 
increase  of  stripping  force  which  peak  up  at  the  aging  of  30 
days  but  dropped  and  stayed  at  a  level  thereafter.  Also,  the 
weight  change  versus  aging  time  as  shown  in  Fig.2  indicated 
a  maximum  weight  loss  for  both  fiber  at  the  day  14  of  aging 
which  corresponding  to  the  onset  of  the  increasing  strength 


and  strip  force  and  the  observable  color  changes  of  V-fibers 
Yet,  the  prolonged  aging  produced  no  more  additional 
weight  loss.  This  indicates  the  weight  loss  during  the  initial 
thermal  aging  may  be  attributed  to  the  evaporation  of 
volatile  materials  from  fiber  coatings  including  moisture. 
Considering  the  moisture  that  residents  inside  the  coating  is 
a  stress  corrosion  agent  that  may  cause  the  reduction  of 
fiber  strength^,  removing  such  agent  as  done  by  the  thermal 
aging  can  result  in  an  increase  of  fiber  strength,  especially, 
as  evident  by  the  substantial  increase  of  V-fiber  upon  aging. 
The  thermal  aging  can  also  enhance  the  post-curing  of  fiber 
coatings  to  become  harder  and  shrinking.  As  a  result,  the 
strip  force  increases  substantially  as  evident  on  both  fibers. 
However,  the  prolonged  aging  apparently  caused  more 
serious  effects  on  the  coatings.  The  yellowish  color  implies 
oxidative  degradation  may  have  occurred  on  V-fiber  and  the 
strip  force  have  dropped  from  the  peak  value  because  the 
coating  became  more  brittle.  Aging  at  50°C  and  70°C  has 
similar  effects  on  fibers  while  at  100°C  is  different  due  to  a 
complete  different  degradation  mechanism  exerting  on  the 
fiber  coatings.  U-fiber  showed  less  susceptible  to  the 
thermal  effect  compared  to  V-fiber. 

Aging  in  Jelly  compounds 

Weisht  changes 

Fig.  3  and  Fig  4  showed  the  weight  changes  of  V- 
fiber  aged  in  JC  and  JT  compounds  and  U-fiber  aged  in  JF 
jelly  respectively.  Substantial  amount  of  JT  and  JC  jellies 
were  absorbed  by  V-fiber  and  JF  jelly  by  U-fiber  when  they 
were  aged  at  100°C.  The  absorption  became  saturated  after 
30  days  of  aging.  On  the  other  hand,  those  aged  at  50°  and 
70°C  showed  no  weight  loss  or  a  weight  loss  comparable  to 
those  aged  thermally.  This  weight  loss  is  attributed  to  the 
extraction  of  low  molecular  weight  substance  from  coating 
by  jelly  oils  when  fibers  were  aged  at  50°  and  70°C.  At 
100°C,  the  coating  property  was  seriously  deteriorated  by 
the  combination  of  excessive  heat  and  jelly  oil  that  the 
coating  became  soaking  with  the  oils  coming  from  jellies'*. 
The  result  is  a  weight  gain  of  fiber.  The  absorption  of  jelly 
compounds  by  coating  apparently  is  govern  by  mechanisms 
that  is  temperature  dependent. 

Sirenzth  changes 

Fig.  5,  6,  7  showed  the  changes  of  median  fiber 
strength  for  V-fiber  aged  in  JT  and  JC  and  U-fiber  in  JF 
jelly  compounds.  In  contrast  to  the  thermal  aging,  jelly 
immersed  aging  all  gave  a  deduction  of  strength  at  a  definite 
fashion  when  aging  reached  30  days.  Some  scatter  points, 
although,  remained  showing  an  increase  as  represented  by 
U-fiber(in  JF  jelly)  aged  50°C  and  V-fibers(in  JC  jelly)  at 
50°  and  70°C,  they  were  limited  on  the  initial  aging  stage 
where  the  thermal  effect  was  considered  remaining 
effective  At  100°C,  the  strength  of  V-fiber  dropped  by 
19%  and  17%  when  aged  in  JT  and  JC  jellies  while  U-fiber 
dropped  by  only  6%  in  JF  jelly.  The  onset  time  of  these 
significant  deductions  of  strength  coincided  with  the  aging 
time  where  the  weight  gain  became  saturated.  At  this  point. 
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the  coating  is  soaked  with  jelly  oil  and  its  original  structure 
and  property  apparently  had  deteriorated  as  shown  by  a 
dynamic  mechanical  thermal  analysis  in  a  previous  study'*. 
In  the  meantime.  Aging  at  50°  and  70°C  also  showed  a 
deduction  of  strength  even  though  there  were  no  weight 
gain  but  a  weight  loss.  Considering  that,  at  these 
temperatures,  weight  loss  is  due  to  the  extraction  of  low 
molecular  weight  substance  from  coating  by  jelly  oil  ,and 
the  residual  stress  corrosive  agents  such  as  moisture  (inside 
the  coating)  is  unlikely  extracted  by  jelly  oil  because  it  is 
against  the  hydrophobic  nature  of  jelly  oils,  it  can  be 
anticipated  that  stress  corrosive  agents  remains  inside 
coatings  and  is  effective  enough  to  cause  the  deduction  of 
fiber  strength.  In  addition,  other  corrosive  agents  that 
originally  residing  in  jelly  may  access  the  fiber  glass  via  the 
jelly  extraction  process.  Improper  jelly  can  become 
dangerous  to  the  strength  reliability  of  optical  fiber. 

Strip  force  chanses 

Fig.  8,  9  showed  the  strip  force  changes  of  V-fiber 
aged  in  JC  and  JF  jellies.  Fig.  10  showed  U-fiber  in  JF  jelly. 
When  aged  at  50°  and  70°C,  all  fibers  showed  an  increase  of 
strip  force  but  not  as  much  as  those  thermally  aged.  The 
maximum  also  occurred  at  the  day  30  of  aging  and 
thereafter  started  dropping.  Since  the  strip  force  relies  on 
the  adhesion  between  the  glass  and  coating  and  the  inherent 
properties  of  coating,  any  factor  that  changes  above 
condition  may  have  effect  on  the  strip  force.  First,  the 
thermal  effect  resulting  in  the  post-cure  and  shrinkage  of 
coating  as  described  above  has  a  positive  effect  on  the 
increase  of  strip  force.  The  strip  force  then  gradually 
decreases  due  to  the  prolonged  oxidative  aging.  This  fact 
remains  true  even  the  fibers  are  aged  in  jelly.  However,  the 
penetration  of  jelly  oil  into  and  out  of  fiber  coating  may 
exert  an  adverse  effect  on  the  strip  force  due  to  the 
plasticizing  effect  by  the  oils.  As  a  result,  lower  strip  force 
is  expected  when  the  fibers  are  aged  in  jelly.  Such  jelly 
softening  effect  is  also  temperatures  dependent.  Unlike  the 
thermal  aging  where  the  strip  force  changes  showed  nearly 
the  same  for  the  three  aging  temperatures,  the  aging  at  50°C 
of  V-fiber  in  JF  jelly  gave  a  rather  low  value  that  near  the 
unaged  sample.  This  indicates  the  softening  effect  is  much 
effective  at  this  temperature  while  it  become  less  effective 
when  the  temperature  increase  where  the  thermal  effect 
dominates  again.  As  shown  in  Fig  1 1  where  the  difference 
of  strip  force  between  thermally  aged  and  jelly  aged  fibers 
(S.F.thermai-  S.F.jeliy)  is  plotted  versus  aging  times,  the 
profile  of  50°C  aging  deviates  from  that  of  the  other  two 
aging  temperatures.  Due  to  the  excessive  absorption  of  JT 
jelly  oil  by  V-fiber  and  JF  jelly  oil  by  U-fiber  when  aged  at 
1 00°C  that  the  diameter  of  these  fibers  became  too  big  to  be 
inserted  into  the  stripping  tool,  the  strip  force  of  these  two 
fibers  were  not  able  to  measure. 

Macrobending  loss 

Fig.  12  and  13  showed  the  macrobending  loss 
spectrum  of  unaged  and  aged  V-ftbcr  (100°C,  60  days  in 


jelly  JC  and  JT)  Fig.  12  represented  a  macrobending 
produced  from  winding  the  fiber  in  a  glass  mandrel 
(diameter=40  mm)  for  5  turns  and  Fig.  13  for  10  turns. 
More  turns  results  more  loss  at  wavelength  beyond  1500 
nm  and  is  shown  as  a  typical  macrobending  loss.  Without 
bending,  the  unaged  and  aged  fibers  (in  both  jelly)  showed 
similar  attenuation.  Upon  bending,  more  loss  was  observed 
for  aged  fibers  compared  to  that  of  unaged  fibers.  As 
evident  by  the  changes  of  fiber  strength  and  strip  force,  the 
jelly  aged  effect  has  caused  a  deterioration  of  coating  that 
the  fiber  became  less  buffered  and  more  sensitive  to 
bending.  U-fiber  also  showed  a  similar  attenuation  changes. 
As  shown  in  Fig.  14  where  the  unaged  and  aged  fiber  (in  JF 
jelly  for  60  days)  was  compared,  substantial  loss  was 
induced  by  the  bending  ,  However,  U-fiber  showed  less 
loss  when  compared  to  that  of  V-fiber  at  the  same  bending 
condition.  It  requires  a  30  mm  diameter  of  mandrel  to 
achieve  a  loss  that  can  be  easily  produced  by  a  40  mm 
diameter  mandrel  for  the  aged  V-fiber.  This  is  also 
consistent  to  the  fact  that  U-fiber  is  less  deteriorated  as 
shown  by  a  less  change  of  strength  and  less  susceptible  to 
the  jelly  aging. 

CONCLUSION 

The  effect  of  jelly  filling  compounds  on  the  long 
term  reliability  of  optical  fiber  as  shown  by  the  accelerated 
aging  results  can  be  serious  if  the  fiber  coating  and  jelly 
compounds  was  not  well-compatible.  Under  elevated 
temperature  aging  in  jelly,  V-fiber  showed  a  deduction  of 
fiber  strength  of  19%  and  U-fiber  showed  a  6%  of  drop. 
Yet,  the  absorption  of  jelly  by  the  coating  of  U-fiber  is  no 
less  than  that  by  the  V-fiber,  it  is  not  the  absorbing  amount 
of  jelly  but  is  the  interaction  between  the  jelly  compound 
and  coating  governs  the  reliability  of  optical  fiber. 
Traditional  compatibility  examine  method  for  coating  and 
jelly  that  only  measuring  the  weight  gain  is  not  sufficient  to 
guarantee  the  long  term  reliability  Accelerated  aging  test  in 
jelly  can  offer  as  the  additional  proved  method  to  ensure  the 
fiber  long  term  reliability.  The  changes  of  strip  force  and 
macrobending  loss  induced  by  the  jelly  aging  effect  are  also 
the  indications  of  the  fiber  long  term  performance.  Then 
can  also  served  as  the  index  of  fiber  reliability.  In  short, 
improper  jelly  compound  can  be  dangerous  to  the  long  term 
reliability  of  fibers.  It  can  cause  the  deterioration  of  fiber 
coating  to  result  in  the  deduction  of  fiber  strength,  the 
decrease  of  bending  resistance,  and  the  difficulty  of 
stripping. 
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Fig.1  Median  strength  changes  of  U  and  V-fiber  from 
thermal  aging 
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Fig.  3  Weight  changes  of  V-fiber  aged  in  JC  and  JT  jellies 
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Fig.2  Weight  changes  of  U  and  V  fiber  from  thermal  aging 
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Fig.  4  Weight  changes  of  U-fiber  aged  in  JF  jelly 
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STRIP  FORCE  (gf) 


Fig.  8  Strip  force  changes  of  V-fiber  aged  thennally  in  air  and  JC-jelly 
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Difference  of  strip  force  of  V-fiver  between 
thermally  aged  and  jelly  aged  effects 


Fig.12  Macrobending  loss  of  V-fiber  in  JC  &  JT 
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Fig.13  Macrobening  loss  of  V-fiber  in  JC  &  JT 
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Fig.14  Macrobending  loss  of  U-fiber  (d=3cm,  turns=5,10) 
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Abstract 

Some  UV-cured  materials  have  been  observed  to  exhibit 
color  changes  with  time,  especially  at  elevated 
temperature,  humidity  or  UV  exposure.  While  this  may 
be  an  indication  of  oxidation,  its  relationship  to  more 
serious  forms  of  degradation,  such  as  crosslinking,  bond 
order  changes,  chain  scission,  or  depolymerization,  has 
not  been  definitively  established  for  these  materials. 
This  paper  examines  various  aging  phenomena  in  model 
fiber  matrix  materials.  The  cured  films  were  aged  at 
1 25°C  in  an  oven  and  at  1 20‘’C/1 00%  RH  in  a  pressure 
vessel.  Changes  in  color  were  measured  using  a 
Macbeth  colorimeter.  Thermo-oxidative  and  hydrolytic 
stability  were  measured  by  dynamic  mechanical  analysis 
and  weight  loss.  The  data  revealed  that  compositions 
which  yellow  may  or  may  not  mechanically  degrade.  It 
was  therefore  concluded  that  the  degree  of  yellowness 
after  aging  is  unreliable  when  used  as  the  sole  indicator 
of  these  materials'  thermo-oxidative  and  hydrolytic 
stability.  * 


Introduction 

The  use  of  radiation  curable  polymers  as  protective 
coatings  for  silica  glass  fibers  and  as  binder  materials  in 
optical  fiber  ribbons  is  well  established.  These  materials 
offer  performance  advantages  over  other  technologies 
in  processing  speed,  low  added  attenuation  over 
temperature  and  humidity  extremes,  controlled 
strippability  for  fiber  splicing,  as  well  as  mechanical 
protection  of  the  glass. 

As  this  technology  advances  into  fiber  optic  ribbons, 
reliability  of  the  ribbon  matrix  materials  and  lifetime 
prediction  under  adverse  environments  have  increased 
in  importance  due  to  the  replacement  costs  involved.  In 
"Fiber  to  the  Home"  architecture,  the  cost  for  a  buried 
drop-line  to  each  residential  subscriber  is  estimated  to 
be  between  $100  -  $200.  ^  Coating  requirements  for 
these  demanding  applications  have  been  reviewed  by 
Kar.  2 

Major  areas  of  study  in  the  area  of  environmental 
degradation  of  the  organic  polymer  have  included; 
thermal  and  oxidative  aging  hydrolytic  aging  ^'°,and 
stabilization  using  antioxidants.  The  tendency  of  the 


polymer  and/or  its  additives  to  discolor  or  yellow  upon 
accelerated  aging  is  one  of  the  effects  noted  in 
environmental  degradation.  While  excessive  yellowing 
can  prevent  differentiation  of  the  colored  fibers  within 
the  ribbon,  moderate  yellowing  does  not  necessarily 
hinder  fiber  identification.  ®  The  mechanisms  and 
subsequent  results  of  various  types  of  environmental 
aging  have  been  documented/"’  in  UV  curable  systems, 
the  mechanism  of  yellowing  is  complicated  by  the 
presence  of  UV  sensitive  species,  i.e.  the  photoinitiator, 
stabilizers,  etc.  It  is  difficult  to  distinguish  yellowing 
due  to  the  degradation  of  the  polymer  versus  possible 
degradation  of  additives,  which  can  f.,rm  strongly 
colored  quinoids.  In  the  former  case,  significant 
mechanical  property  changes  will  be  observed.  In  the 
latter,  the  color  may  change,  but  no  significant 
mechanical  property  changes  may  be  noted.  It  is 
important  therefore  to  establish  whether  yellowing  is  a 
reliable  indicator  of  polymer  degradation,  or  if  more 
rigorous  methods  are  required. 

The  focus  of  this  paper  will  be  mechanical  property 
changes  and  color  changes  of  the  matrix  materials  after 
exposure  to  high  temperature  and  high  temperature/high 
humidity  envirciimental  conditions.  In  moist 
environments,  the  organic  coating  preserves  fiber 
strength  by  serving  as  a  temporary  barrier  to  the 
passage  of  water  to  the  glass/coating  interface. 
However,  it  has  been  found  that  in  immersion  conditions 
in  23°C  water,  equilibrium  absorption  is  generally 
reached  within  a  1  to  24  hour  period.  ”  The  presence 
of  this  water  may  have  a  deleterious  effect  on  the 
polymer  by  causing  hydrolysis.  The  effects  of 
hydrolysis  on  a  polymer  coating  have  been  published, 
^  and  are  characterized  by  a  loss  in  crosslink  density. 
Detection  of  this  crosslink  density  loss  in  a  polymer 
coating  can  be  done  with  a  rheometer  via  Dynamic 
Mechanical  Analysis  (DMA).  This  method  generates  an 
equilibrium  modulus  value  (Eq)  which  is  directly 
proportional  to  crosslink  density.  If  a  coating 
hydrolyzes,  bonds  will  break  and  a  net  decrease  in  Eg 
will  be  seen  when  comparing  DMA  curves  before  and 
after  aging. 

Color  changes  will  be  quantified  in  this  paper  by  using 
a  colorimeter  to  measure  the  color  in  an  FMC-2  color 
space  before  and  after  aging.  In  this  method,  AE  values 
are  calculated  via  the  colorimeter  software,  and  these 
results  will  be  compared  with  DMA  changes  after  aging. 
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Experimental 


Oligomer  Preparation 


The  latter  condition  provided  the  hydrolytic  aging 
environment  and  it  was  carried  out  in  an  electric 
pressure  steam  sterilizer  ’ 


In  the  synthesis  of  the  oligomers  for  the  model 
compositions,  special  care  was  taken  so  that  no  excess 
reagents  were  left  unreacted.  Exact  stoichiometry  was 
used  and  the  mole  ratio  of  HEA:diisocyanate;polyol  in 
each  oligomer  was  identical.  The  same  apparatus  was 
employed  throughout:  a  1000  ml,  4-neck  flask  fitted 
with  a  teflon  paddle  stirrer,  a  thermometer,  a  reflux 
condenser,  and  a  gas  inlet  tube.  In  each  oligomer, 
titration  showed  that  all  of  the  NCO  groups  had  reacted. 

Coating  Preparation 


Dynamic  Mechanical  Analysis 

A  Rheometrics  Solids  Analyzer  RSA  II  was  used  to  run 
the  dynamic  mechanical  analysis  on  the  aged  and 
unaged  samples.  The  sample  dimensions  were  1 2  mm 
X  23  mm.  The  frequency  was  set  at  1 .0  radian/second. 
Before  starting  a  sweep,  the  sample  was  preheated  to 
80®C  for  a  minimum  of  five  minutes  in  the  dry  nitrogen 
atmosphere  of  the  rheometer's  environmental  chamber 
to  remove  water  that  may  be  present  and  which  could 
act  as  a  plasticizer 


The  coating  formulations  A  through  F  (Table  I)  were 
prepared  by  weighing  the  components  into  a  lined  steel 
can,  heating  to  60°C  in  an  oven,  and  mixing  with  a 
spatula.  The  coatings  were  centrifuged  prior  to  curing 
to  remove  air  bubbles. 


Table  I.  Compositions  of  Coatings  A  Through  F 


COMPONENT 

A 

B 

C 

D 

E 

F 

OLIGOMER  1 

70 

- 

OLIGOMER  2 

70 

OLIGOMER  3 

70 

OLIGOMER  4 

70 

70 

69.5 

HODA 

22 

22 

22 

22 

22 

22 

IBOA 

5 

s 

5 

5 

5 

5 

HPK 

3 

3 

3 

3 

3 

BOMB 

3 

. 

STABILIZER 

0.5 

IBOA  is  iscbornyt  scrylate. 

HPK  is  l-hydroxycYclohaxyl  phenyl  ketone. 

BOMB  is  2-benzyi-2*dimethyleniinO'1-i4-morpholinophenyl)-butanone'1 . 
Stabilizer  is  **.4'  dKo.o-dimethyibenzyO  diphenytemine 


Film  Preparation 

Coatings  A  through  F  were  drawn  down  on  cleaned  23 
cm  X  30  cm  glass  plates  using  a  Pacific  Scientific 
Automatic  Drawdown  Apparatus.  A  75  micrometer  Bird 
draw  down  bar  was  used.  These  films  were  then  cured 
at  a  dose  of  I.OJ/cm^  using  a  "D"  lamp  in  a  Fusion 
Systems  Curing  Unit  (Model  K523/2)  under  the  Nj 
blanket  with  a  flow  rate  of  230  liters/minute.  The  dose 
was  measured  by  an  International  Lig'"  nc.  Light  Bug  IL 
390. 

Film  Aging 

Cured  films  were  aged  at  1)  125°C  and  2) 

1 20®C/1 00%RH  for  a  period  of  seven  days.  The  former 
condition  provided  the  thermo-oxidative  aging 
environment  and  it  was  conducted  in  a  convection  oven. 


Color  Measurement 

Color  measurement  data  was  obtained  from  a  Macbeth 
Series  1500  Color  Measurement  System  (Model  2020). 
The  colorimeter  was  calibrated  and  set  to  the  following 
parameters; 

llluminant:  D  for  primary  and 
secondary  illuminant 
Color  Difference:  FMC-2 
Mode:2,  COL 

Area  of  Measurement;  Large  Area 
View 

Specular  Component:  Excluded 
(SCE) 

UV  Filter:  Included 

Background:  White  Calibration 

Standard 

Each  3  cm  X  3  cm  sample  square  was  placed  in  the 
viewport  using  the  white  calibration  standard  as  a 
background.  Color  change  was  measured  after  aging 
versus  each  sample's  respective  control. 

Weight  Change  Measurement 

The  weight  change  samples  for  125°C  and 
120°C/100%RH  were  3  cm  x  3  cm.  They  were 
preconditioned  at  60°C  for  1  hour  before  aging,  cooled 
in  the  desiccator  for  1 5  minutes,  and  weighed.  After 
aging  at  125'’C,  the  samples  were  cooled  in  the 
desiccator  for  1 5  minutes  before  reweighing  to 
determine  the  weight  loss.  The  samples  from 
120°C/100%RH  aging  were  conditioned  at  60°C  for  1 
hour  and  then  cooled  in  the  desiccator  for  1 5  minutes 
before  reweighing. 


Results  and  Discussion 

The  initial  dynamic  mechanical  and  color  data  for  the  six 
model  matrix  materials  in  the  cured  state  are  given  in 
Table  II. 
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TABLE  II.  Initial  Data  for  Model  Compositions 


It  can  be  seen  from  the  rheological  data  that  all  six 
compositions  are  very  similar  mechanically.  The  DMA 
temperature  sweep  plot  of  composition  A  is  shown  in 
Figure  1  and  is  representative  of  all  six  compositions. 
These  compositions  are  characterized  by  shallow  E' 
slopes  resulting  in  broad  tan  6  peaks.  This  indicates 
that  the  compositions  have  broad  glass  transition 
ranges. 


Table  III  shows  the  quantities  obtained  from  each  color 
reading.  The  value '  for  X,  Y,  and  Z  are  measured  three- 
dimensional  coordinates  in  the  FMC-2  color  space.  The 
quantities  ARG,  AYS,  AC,  AL,  and  AE  are  calculated 
quantities  which  represent  deviations  from  the  unaged 
control. 

TABLE  III. 

Colorimeter  Data  for  Composition  A 
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For  ARG,  a  positive  number  indicates  that  the  material 
reddened;  for  AYB,  a  positive  number  indicates  that  the 
material  yellowed.  For  AL,  a  negative  number  indicates 
that  the  material  darkened.  Delta  C  is  the  square  root  of 
the  sum  of  the  squares  of  ARG  and  AYB.  Delta  E  is  the 
square  root  of  the  sum  of  the  squares  of  ARG,  AYB,  and 
AL.  The  following  results  will  only  include  AE  since  it 
represents  the  total  color  deviation  from  the  control. 
Delta  E  values  less  than  1  indicate  a  color  difference 
which  cannot  be  detected  by  the  naked  eye.  Higher  AE 
values  indicate  larger  deviations  from  the  original  color. 

The  data  for  the  model  matrix  materials  after  exposure 
to  1 25°C  for  7  days  are  given  in  Table  IV.  The  data  for 
120°C/100%RH  7-day  exposure  are  given  are  Table  V. 
The  E^  change  data  and  color  change  data  are  shown 
graphically  in  Figures  2-5. 


TABLE  IV. 

1 25°C,  7-Day  Data  for  Model  Compositions 


TABLE  V. 

120°C/100%RH,  7-Day  Data  for  Model  Compositions 


A  B  r  0  E  f 

FlgufB  2  E,  change  aMer  7  days,  1?5‘C 


90 


A  B  C  D  E  F 

Compostllons 


Figure  3.  Color  change  after  7  days.  125''C. 


100 

90 

80 


A  e  c  0  E  P 


Composillons 

Figure  4.  E,  change  alter  7  days.  120"C/100%RH. 


A  e  c  0  E  F 

Compositions 

Figure  5.  Color  change  after  7  days.  120'C/100%RH. 

First  of  all,  with  respect  to  the  125°C  data,  it  can  be 
seen  that  there  is  some  correlation  between  cured  film 
stability  and  color  change.  Compositions  D  and  E, 
which  have  the  greatest  weight  loss  and  temperature 
shift,  also  have  the  largest  color  change.  In  addition, 
compositions  A  and  F,  which  have  a  minimal  weight  loss 
and  temperature  shift,  also  have  a  minimal  color  change. 
This  correlation  is  found  to  be  deficient,  however,  when 
the  Eg  values  are  examined.  As  stated  previously,  the 
Eg  values  are  critically  important  in  that  they  indicate  the 
material's  cross-link  density.  Major  decreases  in  E^  are 
signs  of  bond  breakage  and  decomposition.  After  one 
week  at  125°C,  material  C  experiences  the  greatest 


reduction  in  E^,  but  its  color  change  is  only  midrange. 
In  addition,  material  D  shows  the  greatest  color  change, 
but  its  Eq  change  is  the  second  lowest. 

Secondly,  with  respect  to  the  120°C/100%RH  data, 
there  is  even  less  correlation  between  cured  film 
stability  and  color  change.  Composition  B,  which  has 
the  highest  weight  loss  and  second  highest  E^,  change, 
has  the  largest  color  change.  But  composition  A,  which 
has  a  comparable  weight  loss,  temperature  shift,  and  E^ 
change,  has  practically  no  color  change. 

While  it  does  appear  that  a  significant  yellowing  of  the 
cured  material  can  be  indicative  of  major  weight  losses, 
temperature  shifts,  or  E^  reductions,  this  is  not  always 
the  case.  Composition  C  darkened  considerably  after 
125°C  exposure  but  had  a  minimal  weight  loss  and 
temperature  shift.  Also,  composition  D  darkened  greatly 
at  1 25°C  but  had  a  low  E^  change. 

It  also  appears  to  be  the  case  that  other  factors 
influence  the  amount  of  color  change  on  aging. 
Aromatic  materials  are  well  known  to  yellow  due  to  the 
formation  of  species  with  highly  conjugated  double 
bonds.  Compositions  A  and  B  after  120“C/100%RH 
exposure  both  show  a  similar  weight  loss,  temperature 
shift,  and  £„  reduction,  but  the  aromatic  material  B 
exhibits  much  greater  yellowing  than  the  aliphatic 
material  A. 

Conclusions 

There  is  some  correlation  between  stability  and 
yellowing  in  UV-cured  materials.  The  correlation  is 
weak,  however,  and  the  degree  of  yellowing  has  been 
found  to  be  a  poor  indicator  of  the  material's  mechanical 
and  gravimetric  stability  in  accelerated  thermo-oxidative 
and  hydrolytic  environments.  Other  factors  which 
influence  yellowing,  such  as  the  material's  aromatic  or 
aliphatic  nature,  must  also  be  considered. 
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ABSTRACT 

In  the  immediate  future,  the  extension  of  the 
fiber  optic  telecommunications  network  will  demand 
a  splicing  method  to  achieve  optimal  values  of 
attenuation  with  a  minimum  of  cost  and  material. 
To  fill  this  need,  a  novel  crimp  splice  has  been 
developed  which  offers  high  quality  and  reliable 
joining  technique  for  single-mode  and  multimode 
fibers.  It  can  be  installed  on  site  using  a  simple 
work  station.  Practice  oriented  field  trials  have 
proven  the  field  suitability  of  this  splice.  Due 
to  its  easy  handling,  this  new  splicing  method  is 
rapidly  accepted  by  the  installing  craftsmen. 


4 

This  paper  details  the  L  Splice  dealing 
specifically  with  its  design,  function,  and 
preferred  fields  of  application. 


FEATURES  OF  THE  L^  SPLICE 

The  L^  Splice  (Fig.  1)  is  designed  to  rapidly  join 
single-mode  and  multimode  optical  fibers  with  a 
coating  diameter  of  250  pm  under  field  conditions. 
It  is  based  on  a  non-positive  joining  technique 
which  guarantees  reliability  and  long  life  expect¬ 
ancy.  The  low  demand  of  fiber  length  and  very  easy 
assembly  open  up  new  prospects  for  the  application 
of  this  novel  mechanical  joining  method. 

Unlike  conventional  mechanical  connectors,  optical 
fiber  ends  no  longer  require  preparation  when 
using  our  newly  developed  splice.  There  is  no 
further  need  for  adhesive  or  grinding.  Fiber  ends 
are  simply  cut  to  length  by  means  of  a  conven¬ 
tional  cleaver  and  are  then  inserted  into  the 
single-fiber  splice.  The  optical  fibers  are 
optimally  aligned  and  joined  through  a  crimping 
principle  which  causes  plastic  deformations  of 
Integrated  fish  joints  of  the  inner  and  outer 
U-profile  of  the  splice  to  fix  the  fiber  ends 
(Fig.  2). 

Its  compact  size  makes  it  possible  to  organize  up 
to  twelve  splices  in  one  splice  tray. 


In  addition  to  the  usual  connection  of  single-mode 
or  multimode  fibers  in  joining  and  distribution 
closures,  this  splice  can  also  be  employed  in  the 
branching  area  of  passive  optical  networks  (PON). 
If  branch  splices  must  be  made  in  pre-existing 
cable  networks,  a  simple  splicing  technique  is 
preferable. 

Existing  fusion  splicers  take  up  significant  room 
and  additional  lengths  of  fiber  for  splicing.  The 
present  looping  method  used  when  employing  conven¬ 
tional  splicing  techniques  requires  very  long 
closures,  which  can  sometimes  be  difficult  to 
house  in  distribution  cabinets  or  manholes  due  to 
lack  of  space.  The  L^  Splice  requires  only  a 
minimum  of  fiber  length  and  can  thus  be  installed 
in  conventional  closures. 

It  provides  an  ideal  joining  device  for  all 
jumpering  and  distribution  points  in  the  fiber 
optic  cable  network  as  it  is  easy  and  quick  to 
assemble.  It  can  also  be  used  as  a  fast  and  relia¬ 
ble  repair  splice,  and  its  space-saving  design 
allows  this  splice  to  be  used  as  an  inexpensive 
choice  in  customer  premise  applications. 


FUNCTIONAL  PRINCIPLE  OF  THE  SPLICE 

The  tolerances  observed  during  the  manufacture  of 
optical  fibers  guarantee  a  sufficiently  accurate 
centering  of  the  fiber  cores  through  the  cladding 
glass.  The  alignment  of  the  optical  fibers  to  be 
joined  can  be  done  very  easily.  The  two  fiber 
ends  -  and  thus  also  the  fiber  cores  -  are  aligned 
via  their  outer  diameter  in  a  continuous  V-groove 
which  constitutes  the  heart  of  the  splice. 

This  unique  splice  measures  approximately  31  mm  in 
length  and  is  of  almost  square  outer  dimensions 
(width  A  mm  X  heigth  5  mm).  It  consists  of  two 
U-shaped  metal  profiles  which  have  been  perfectly 
bonded  at  the  factory. 

This  mechanical  splice  works  on  a  clamping  princi¬ 
ple;  two  U-shaped  profiles  made  of  identical  metal 
are  inserted  into  each  other  so  that  the  optical 
fiber  is  fixed  between  them.  A  high-precision 
V-groove  is  pressed  into  the  outer  U-profile 
forcing  an  absolutely  accurate  fiber  alignment. 
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The  V-groove  is  funnel-shaped  at  its  ends  both  to 
accomodate  the  coating  and  to  facilitate  the 
insertion  of  the  fiber.  The  bottom  side  of  the 
inner  U-profile  is  plane  so  that  fiber  guidance  is 
absolutely  accurate.  The  optical  fibers  are  thus 
largely  protected  against  environmental  and  acci¬ 
dental  mechanical  strain. 

The  fiber  ends  are  fixed  within  the  splice  by 
plastic  deformations  of  integrated  fish  joints  of 
the  inner  and  outer  profiles  simultaneously.  The 
resulting  elastic  spring  force  fixes  the  fiber 
ends  in  an  aging-resistant  way  even  at  high 
tensile  forces. 

The  outer  fish  joints  only  serve  to  keep  the  inner 
and  outer  part  together  (Fig.  3). 

A  metal-only  construction  guarantees  a  long  life 
expectancy  and  reliability.  The  selection  of 
corrosion-proof  material  allows  for  chemical 
resistance  and  temperature  independence.  The 
stable  mechanical  construction  also  serves  as 
"kink-protection"  and  ensures  easy  and  vibration- 
safe  handling  and  storing. 

The  splice  has  been  pre-loaded  with  index  matching 
gel  at  the  factory.  Since  its  refraction  index  has 
been  adapted  to  the  core  glass,  the  gel  guarantees 
good  insertion  losses  in  addition  to  high  return 
losses  and  excellent  long-term  stability. 


SPLICING  PROCEDURE  WITH  THE  SPLICE 

Splicing  optical  fibers  is  extraordinarily  easy 
using  the  L^  Splice.  A  common  stripper  is  used  to 
remove  the  coating  from  the  fiber.  The  cladding 
area  is  cleaned  of  dirt  or  coating  remnants  with 
an  alcohol-soaked  cleaning  tissue.  Cleaving  of  the 
fibers  can  be  done  with  any  customary  cleaver, 
however  a  bare  fiber  length  of  approximately  6  to 
7  mm  should  protrude  under  the  coating.  The  cleav¬ 
ing  length  can  be  sufficiently  observed  through  a 
simple  optical  mark.  The  prepared  fiber  is  then 
inserted  into  one  end  of  the  splice.  The  funnel- 
shaped  ports  at  both  ends  of  the  splice  allow  the 
fiber  to  be  inserted  easily. 

The  fiber  can  easily  be  pushed  forward  between  the 
U-profiles  until  the  fiber  end  is  located  in  the 
splicing  area.  The  funnel-shaped  V-groove  facili¬ 
tates  insertion.  On  each  end  of  the  inner 
U-profile  there  is  a  recess  for  taking  up  the 
coating.  This  graduation  puts  a  stop  to  the 
coating  end.  The  coating  can  not  be  pushed  beyond 
the  recess  and  the  fiber  ends  will  thus  be  spliced 
in  the  plane  part  of  the  inner  U-profile. 

After  preparing  the  second  fiber  end  accordingly, 
this  one  is  also  inserted  into  the  splice.  A  low 
splice  attenuation  can  be  obtained,  if  both  fiber 
ends  are  positioned  as  closely  as  possible.  To 
achieve  this,  the  second  fiber  end  should  be  kept 
under  axial  tension.  It  is  therefore  advisable  to 
hold  the  fiber  in  a  loop  and  to  support  it  by 
hand. 


Crimping  the  fish  joints  to  their  provided  stop 
concludes  the  splicing  procedure.  The  optical 
fibers  to  be  joined  are  thus  optimally  aligned  and 
mechanically  strain-relieved  (Fig.  3). 

During  the  crimping  procedure,  the  optical  fiber 
in  the  cladding  area  is  pressed  into  the  V-groove. 
The  fibers  are  fixed  within  the  splice  by  the 
elastic  spring  force  of  the  legs  of  the  U-profiles 
which  are  activated  during  the  crimping  procedure. 


SPLICING  WITH  THE  WORK  STATION 

The  work  station  serves  to  prepare  the  fiber  ends 
for  splicing.  This  is  done  in  individual  steps, 
including  the  removal  of  the  coating  and  cleaving 
of  the  fiber  ends.  The  prepared  fiber  ends  are 
then  inserted  into  the  splice,  which  has  previ¬ 
ously  been  mounted  to  the  work  station.  A  stop 
incorporated  into  the  splice  ensures  that  all 
preset  assembly  parameters  are  observed.  The  fiber 
ends  are  then  fixed  during  a  final  crimping 
procedure:  a  movable  formed  piece  is  lowered  to 
permanently  shape  the  inner  U-profile  (Fig.  A). 

RESULTS  OF  INSTALLATIONS  PERFORMED  WITH  THE 
L^  SPLICE 

Tests  carried  out  in  laboratories  and  in  the  field 
according  to  Bellcore  TR-TY-000765  have  shown  that 
the  obtained  values  of  attenuation  scattered  only 
slightly.  This  guarantees  a  sound  repeatibility  of 
the  splice  results  (Fig.  5).  The  insertion  losses 
were  measured  with  single-mode  fibers  at  1300  and 
1550  nm,  but  showed  no  considerable  deviations. 
The  return  loss  exceeds  AO  dB.  The  splice  shows 
constant  behavior  in  climatic  and  vibration  tests 
as  well  as  during  storage  in  water  and  ice. 

Without  great  technical  effort,  this  novel  splice 
offers  a  quick  and  reliable  splicing  method  for  a 
wide  range  of  applications,  such  as  repair, 
branch-off,  termination,  and  distribution. 


PROSPECTS  FOR  THE  L^  SPLICE 


In  addition  to  the  above  areas  of  application,  the 
splice  also  offers  optimal  features  for  jumpering 
points  where  flexibility  is  demanded.  All  incoming 
and  outgoing  fibers  can  be  joined  in  a  reliable, 
easy,  and  cost-conscious  way,  according  to 
requirements.  The  present  concepts  of  fiber  optic 
overlay  networks  shows  that  frequent  jumpering 
will  become  essential  at  cable  termination  racks, 
terminal  boxes,  and  cross  connecting  facilities. 
Therefore,  a  handy  and  easy  to  install  splice  is 
one  of  the  indispensable  prerequisites  for  a 
flexible  fiber  optic  overlay  network. 
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Fig.  4:  Work  station 
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L'’  -  Splice 


Fig.  5:  frequency  distribution  of  the  splice  loss 
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ABSTRACT 

This  paper  describes  a  Universal  Jointing 
cechnology  for  optical  undersea  cables.  A 
common  joint  housing  is  designed  to 
mechanically  terminate  cable  ends,  provide 
safe  storage  for  fibres  and  fibre  splices 
and  provide  electrical  continuity  and 
insulation  for  the  cable  conductor.  A 
cascaded  ferrule  assembly,  specially 
adapted  to  each  cable  type  fits  into  the 
common  housing  and  grips  all  essential 
cable  elements  and  isolates  the  fibres 
from  any  mechanical  strain.  An  essential 
part  of  this  jointing  system  is  a  set  of 
equipment  to  assemble  the  joint;  including 
fibre  splicing,  polyethylene  moulding  and 
ferrule  pressing.  The  jointing  system 
accommodates  both  lightweight  and  armoured 
cable  types.  A  test  regime,  to  prove  the 
jointing  system  can  meet  all  operational 
requirements  is  discussed,  and  sample 
results  presented. 


1.  BACKgRQgMP 

In  1986,  the  TAT-8  transatlantic  cable 
system  was  a  major  milestone  in  optical 
fibre  undersea  cable  technology  insofar 
that  American,  British  and  French  cable 
suppliers  each  provided  a  different  cable 
structure  to  an  undersea  branching  unit  in 
the  eastern  Atlantic  sector.  At  that  time 
cable  maintenance  relied  upon  three 
different  jointing  methods  used  by  the 
three  maintenance  authorities  involved, 
AT&T,  BT  and  France  Telecom.  In  1992, 
with  the  advent  of  TAT-9,  a  three  supplier 
five  landing  point  system,  the  complexity 
of  maintenance  became  a  major  problem. 
This  problem  was  solved  by  the  concept  of 
Universal  Jointing  which  allows  any  ship 
from  any  maintenance  depot  to  sail  to 
repair  any  cable  or  repeater  fault 
anywhere  in  the  entire  system. 


2.  IHTRODOCTIOM 

From  October  1989,  representatives  from 
AT&T-USA,  BT-UK,  and  Submarcom-France , 
met  several  times  to  discuss  the  technical 
and  commercial  feasibility  of  combining 
their  jointing  technologies  to  produce  a 


common  Universal  Jointing  system. 
Because  of  the  three  AT&T  undersea 
branching  units  used  on  TAT  9  it  was  a 
great  advantage  to  extend  the  jointing 
capability  to  the  coupling  of  the  repeater 
housing.  All  the  parties  of  the 
consortium  had  an  established  cable 
jointing  technology  mainly  based  on  the 
cable  types  produced  by  their  domestic 
supplier.  After  careful  consideration  of 
the  best  features  of  these  jointing 
equipments,  items  were  chosen  to  give  an 
effective  tripartite  technical  solution. 

Thus,  by  providing  a  single  common 
jointing  system,  the  cost  of  system 
maintenance  can  be  reduced.  The  Universal 
jointing  solution  increases  technological 
capability,  improves  system  configuration 
flexibility,  operator  utilisation  and 
reduces  capital  and  recurring  expenditure 
of  cable  stock,  and  joint  consumables. 


3.  ADVAMTAGES  OF  OMIVBRSAL  JOINTING 

The  key  feature  of  the  Universal  Joint  is 
that  it  allows  any  cable  from  any  supplier 
to  be  connected  to  it  independently  of  the 
cable  connected  to  the  other  side.  The 
critical  development  is  the  cascaded 
ferrule  assembly  which  enables  the 
following  technical  and  commercial 
advantages : 

a.  Shipboard  installation  or  repair  joint 

b.  Repair  possible  from  any  cableship. 

c.  Single  set  of  unified  joint  equipment. 

d.  Commonality  of  jointer  training. 

e.  Reduced  jointer  requalification. 

f.  Independance  from  original  supplier. 

g.  Easy  accommodation  of  new  cables. 

h.  Suitable  for  repeater  termination. 

i.  Ability  to  mix  suppliers'  cables. 

j.  Suitable  for  land  or  beach  joint. 


4.  THB  PMIYBRSAL 

The  majority  of  transoceanic  undersea 
optical  fibre  cables  are  similar  in 
generic  design,  but  vary  in  detail.  They 
comprise  a  fine  piano  wire  around  which 
are  laid  the  optical  transmission  fibres, 
generally  protected  by  some  soft  polymer. 
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This  fibre  package  is  central  within  a 
steel  wire  strand  structure  for  tensile 
strength  in  combination  with  a  copper  tube 
for  hydrostatic  pressure  resistance.  All 
the  metallic  components  are  in  contact  to 
give  a  parallel  DC  power  feed  path  for  the 
series  fed  repeaters.  Because  of  the 
resultant  high  system  voltage  the  cable  is 
insulated  with  polyethylene,  and  generally 
to  a  diameter  of  about  an  inch  to  ease 
shipboard  handling.  The  Universal  Joint 
has  been  designed  to  accommodate  all  these 
features  and  is  shown  in  figure  1. 

For  applications  in  continental  shelf 
areas  or  where  trawl  fishing  or  anchor 
damage  is  prevalent,  additional  steel  wire 
armour  protection  is  added  to  the  cable. 
This  is  typically  in  the  form  of  one  or 
two  long  lay  helical  wire  layers  creating 
considerable  extra  strength  against 
breakage.  A  typical  shallow  water 
armoured  Universal  Joint  that  reinstates 
the  strength  of  the  cable  is  shown  in  the 
figure  2. 


5.  CASCADED  FERRaLE  ASSEMBLY 

The  ideal  joint  terminates  all  the 
elements  of  the  cable  so  effectively  that 
the  discontinuity  of  the  joint  maintains 
original  cable  performance.  In  order  to 
achieve  this,  each  of  the  layers  of  the 
cable  construction  must  be  dealt  with  in 
such  a  way  that  each  of  them  maintains  its 
original  purpose  and  is  restrained  from 
relative  movement.  The  cascade  ferrule 
assembly  achieves  this  and  is  engineered 
specifically  for  each  particular  cable 
structure.  The  essence  of  the  technique 
is  to  systematically  secure  every  element 
of  a  given  cable  structure  in  a  series  of 
up  to  four  cascaded  clamp  elements.  They 
may  be  used  to  either  prevent  relative 
movement,  through  solid  clamping,  or 
control  it,  through  for  example  sliding 
mechanisms,  so  that  the  design 
characteristics  of  the  cable  are  mirrored. 
This  ensures  that  the  performance 
characteristics  of  the  cable  are 
maintained  rather  than  compromised  to 
produce  an  easier  joint  design.  This 
cascaded  ferrule  assembly  is  constructed 
independently  of  the  other  cable  to  which 
it  is  to  be  e' entually  joined.  Thus  the 
destiny  of  the  cable  end  need  not  be 
determined  when  it  is  terminated. 

The  strand  strength  is  held  by  a  crimped 
ferrule  body  with  a  hardened  central 
insert  to  prevent  crushing  of  the  optical 
fibre  package.  The  mechanics  of  the 
ferrule  and  its  construction  method  are 
modified  to  suit  the  cable  design  and  will 
secure  a  one,  two  or  three  wire  layer 
strand  to  full  dynamic  fatigue  and  static 
strength  performance.  Copper,  aluminium 
and  steel  power  feed  tubes  are  clamped  as 


v/ell  as  the  fibre  package  and  kingwire.  In 
some  cables  the  fibre  package  or  kingwire 
exhibit  a  differential  movement  within  the 
cable  structure,  possibly  giving  rise  to 
kingwire  or  fibre  buckling  and 
transmission  loss  during  subsequent 
reduction  of  the  load  or  cable  twist.  The 
cascaded  ferrule  assembly  is  the  only 
solution  known  which  prevents  this 
particular  problem  occurring. 


6.  THE  COMMON  COMPONENTS 

The  design  is  based  upon  compatible 
components  common  to  any  joint  or 
coupling,  so  that  any  chosen  combination 
of  two  cascaded  ferrule  assembly  cable 
ends  can  be  assembled  to  create  a  joint. 
One  of  the  novel  parts  of  the  design  is 
the  single  central  strength  member  or 
bobbin  which  provides  mechanical  integrity 
in  tension,  compression  and  torsion  as 
well  as  the  storage  for  sufficient  fibre 
for  repeat  attempts  at  splicing,  should 
they  be  necessary.  The  bobbin  coupled 
with  bulkhead  nuts  and  a  polyethylene 
covered  steel  tube  provide  the  hydrostatic 
pressure  resistance.  The  splicing 
arrangement  will  accommodate  40  or  more 
splice  positions  with  attenuators  if 
needed.  The  polyethylene  insulant  is  hot 
injection  moulded  to  the  parent  cable  with 
allowance  for  low,  medium  or  high  density 
extrudates  with  or  without  carbon  black. 
Jointing  between  identical  and  differing 
suppliers'  cable  types  is  then  possible. 
Single  double  or  rock  armour  external  wire 
protection  layers  are  similarly 
accommodated  in  a  unified  armour  press 
based  on  a  cone  and  collet  system. 

Independent  cable  end  preparation  confers 
a  very  powerful  capability.  Each  cable 
end  is  prepared  using  a  set  of  specific 
cascaded  ferrule  components  together  with 
a  set  of  common  components.  Provided  it 
is  suitably  protected  it  can  then  be 
stored  until  its  final  destination  is 
decided.  Having  been  assembled  into  a 
joint  it  is  also  possible  to  disassemble 
and  connect  to  a  different  cable. 


7.  THE  MODULAR  APPROACH  TO  TESTING 

The  cascaded  ferrule  assembly  is  the  only 
sub-assembly  specific  to  a  particular 
manufacturer's  cable  design.  The  same 
applies  to  the  pigtail  termination,  where 
the  cable  is  connected  to  a  repeater 
housing.  Each  armour  wire  structure  has 
its  particular  set  of  cone  and  collet 
clamps.  The  only  dependence  between  any 
two  cables  or  pigtail  is  the  fibre 
splicing  and  the  polyethylene 
reinstatement  moulding.  If  a  new  cable 
system  includes  a  cable  type  or  one  not 
already  included  in  the  universal  joint 
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list  of  qualified  combinations,  specific 
modification  of  the  joint  cascaded  ferrule 
assembly  would  be  required.  Checks  would 
be  required  on  fibre  types  and  the 
polyethylene  and  a  limited  re¬ 
qualification  of  fibre  splices  and  the 
moulding  would  be  needed. 

Qualification  of  the  constituent  elements 
can  be  done  separately.  The  test  modules 
indicate  that  the  kingwire  or  fibre  type 
can  be  changed  within  the  cable  structure, 
or  the  grade  of  polyethylene  insulant  or 
sheath.  The  implication  of  these  changes 
to  materials  is  that  requalification  is 
only  necessary  to  solely  address  the 
changed  aspect,  since  the  mechanical 
performance  of  the  cable  structure  or  the 
joint  or  coupler  will  be  unaffected.  This 
individual  application  of  design, 
development,  construction  and  testing  is 
termed  modularity.  A  consequence  of  this 
is  that  much  testing  work,  time  and  cost 
can  be  saved.  An  example  is  that  many  of 
the  coupler  tests  are  common  to  the  joint 
tests  and  thus  need  not  be  duplicated. 
Testing  experience  has  shown  that  like  to 
like  cable  qualification  tests  need  not  be 
done  provided  that  the  worst  case  unlike 
cable  interconnections  are  tested. 

Finally  a  modified  joint  would  need  to  be 
constructed  and  tested  to  qualify  it  on 
any  new  type  of  cable.  The  range  of 
qualification  testing  would  not  need  to  be 
as  great  as  the  original  testing  as 
aspects  like  hydrostatic  pressure 
resistance,  bump  and  vibration  performance 
and  plough  compatibility  have  already  been 
established . 


8.  HARIMB  PERFORMAMCK  OF  THE _ DESIGN 

The  Universal  Joint  concept  and 
implemention  is  designed  to  be  suitable 
for  shipboard  and  factory  jointing.  The 
shipboard  capability  has  to  safely 
withstand  the  rigours  of  handling 
associated  with  installation,  recovery  and 
repair  with  no  change  to  the  existing 
nations'  cableships. 

The  Universal  Jointing  system  has  no 
special  requirements  in  respect  of 
temperature,  humidity,  air  flow, 
cleanliness,  vibration  or  power  resources 
in  terms  of  electricity,  water  or  air 
supplies  that  are  not  commonly  available 
on  most  cableships.  All  the  tools  and 
equipment  for  the  Universal  Jointing 
system  are  capable  of  transportation  in  a 
standard  container  of  dimensions  40  foot 
by  8  foot  by  8  foot.  The  system  can 
therefore  be  easily  transported  to 
specialist  jointing  locations. 
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All  current  and  proposed  variants  of  the 
joints  are  ploughable,  using  known  sea 
ploughs,  insofar  that  no  rigid  dimension 
exceeds  40  inches  in  length  or  5.5  inches 
in  diameter.  Based  on  demonstrated 
achievements  to  date,  the  target  for 
construction  for  a  lightweight  joint  is 
within  a  12  hour  shift.  The  Universal 
Jointing  system  has  sufficient  commonality 
and  flexibility  such  that  a  cable  end  can 
be  tested,  capped  and  laid  as  a  shore  end 
earth  seal  or  buoyed  off,  and  then  later 
used  to  construct  a  joint  into  any  of  the 
qualified  cable  variants. 

The  qualification  work  described  below 
ensures  maximum  marine  operating 
conditions  worldwide  in  respect  of  deep 
ocean  depths,  temperature  variation  and 
tensile  performance.  This  100  manyear 
project  has  come  to  fruition  to  set  a 
world  standard  in  marine  performance  and 
operational  flexibility. 


9.  QUALIFICATION  TESTS 

Based  upon  individual  operational 
experience  in  the  field,  each  of  the 
-cntributors  to  the  universal  joint  has 
collectively  created  a  qualification  test 
specification.  Each  specification  has 
been  critically  reviewed  with  regard  to 
suitability  of  tests  and  the  applied  range 
of  values .  It  is  the  combined  knowledge 
of  these  technical  experts  that  the 
resultant  proposed  list  of  tests  is  deemed 
necessary  and  sufficient  to  assess  the 
various  products  independently  against  all 
currently  known  or  anticipated  failure 
mechanisms.  The  range  of  tests  evaluates 
both  the  joint  or  coupler  mechanically, 
the  fibres  for  transmission  performance 
and  the  insulant  and  sheath  for  electrical 
properties . 

Each  variant  of  the  joint  or  coupler  which 
has  been  qualified  complies  with  submerged 
plant  specification  requirements  for  the 
systems  for  which  it  is  specified,  in 
respect  of : 

a)  Pressure  resistance  to  5  nm  water  depth 

b)  DC  power  feed  at  2  amps  and  10  kV, 
resistance  less  than  0.1  ohms. 

c)  Design  Life  of  25  years  in  regard  to 
transmission  loss,  high  voltage  life 
performance  and  marine  corrosion. 

d)  Thermal  range  0-35 ’C  operationally  and 
-20  to  +40’C  for  storage. 

e)  Mechanical  handling  demonstrated  with  a 
range  of  tensile  tests,  flexure  test 
and  torsion  test  as  well  as  passage 
through  and  around  simulated  ship 
laying  and  recovery  equipment,  on  a  3 
metre  diameter  sheave  with  angles  of 
lap  of  90  and  135  degrees. 


f)  Tensile  fatigue  has  been  demonstrated 
for  a  duration  of  48  hours,  which 
represents  three  times  the  joint 
construction  time  plus  an  allowance  for 
system  test  time. 

g)  Demonstration  of  bump  and  vibration 
capability . 

h)  Transmission  loss  through  any  variant 
of  interconnection  joint  has  been 
demonstrated  to  be  better  than  0.05  dB 
per  splice  of  any  fibre  path,  where 
characteristic  cable  losses  are  not 
incurred . 

i)  No  tests  are  required  for  any  cable 
compatibility  problems  that  are  not 
joint  related  and  are  therefore 
contained  within  the  devlopment  brief 
of  each  cable  supplier. 


10.  CONCLUSION 

The  Universal  Jointing  system  has  been 
developed  by  a  consortium  of  AT&T,  BT  and 
Alcatel  Cables  for  a  number  of 
international  optical  fibre  undersea  cable 
systems.  This  enabling  piece  of 
technology  allows  a  large  variety  of 
cables  to  be  terminated  in  a  common 
jointing  technology.  The  Universal 
Jointing  system  is  a  powerful  enabler  for 
all  undersea  cable  repair  maintenance 
authorities  worldwide  to  have  a  unified 
and  flexible  repair  policy.  This  provides 
a  more  cost  effective  solution  than 
existing  technologies  based  solely  on 
equipment  from  cable  suppliers.  This 
development  has  been  successfully  deployed 
in  TAT  9  and  a  variety  of  other  undersea 
cable  systems  which  are  now  operational. 
The  Universal  Joint  solution  is  now  being 
seen  by  many  of  the  world's  cable 
suppliers  as  a  World  Standard  to  which 
there  is  a  driving  commercial  need  to 
establish  compatability . 
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Optical  Fiber  Stresses  Produced  During  Storage  in  Splice  Organizers 
P.  B.  Grimado,  L.  A.  Reith  arKl  A.  Pellegrino 
Bellcore,  Morristown.  New  Jersey.  USA 


ABSTRACT 

Reliability  of  optical  fibers  requires  that  in-service  ntechanical  tensile 
stress  be  much  lower  than  the  fiber  proof  stress.  When  fibers  are 
looped  fc:  storage  in  splice  tray  organizers,  large  tensile  stresses 
can  be  introduced  in  the  vicinity  of  the  splice  through  a  twisting 
moment  or  torsion.  The  fibers  that  have  experienced  these  high 
stress  levels  are  coated  with  a  polyester  elastomer  to  an  overall 
diameter  of  900  |im  and  are  used  with  splices  that  directly  grip  the 
bare  fibn:  without  strain  relief.  To  quanti^  the  stresses  produced  in 
the  fibers  at  these  potentially  vulnerable  splice  points,  a  series  of 
torsion  tests  In  concert  with  analyses  were  conducted.  The  analyses 
required  the  development  of  a  large  displauemerrt,  three-dimensional 
finite  element  model.  Torsion  tests  of  straight  lengths  of  partially 
stripped  fibers  showed  that  decoupling  of  the  coating  occurs  at  the 
coating/bare  fiber  interface,  increasing  the  effective  stripped  length 
and  reducing  the  torsional  moment  transmitted  to  the  bare  fiber.  The 
results  of  the  finite  element  model  are  In  good  agreement  with 
experiments.  The  rrxjdel  also  indicates  that  the  torsional  test  criteria 
produce  stresses  consistent  with  spliced-fiber  storage  stresses  and 
therefore  can  be  used  to  assess  the  sensitivity  of  splices  in  splice 
tray  organizer  assemblies. 


1.  Introduction 

In  the  past  few  years,  a  number  of  mechanical  fiber  failures  have 
been  reported  [1].  Most  of  these  failures  have  occurred  in  the  vicinity 
of  a  splice.  This  area  is  particularly  vulnerable  because  the  protective 
coatings  are  removed  and  the  bare  fibers  are  handled  directly.  In 
handling  and  stripping,  microscopic  surface  flaws  can  be  introduced 
which  can  precipitate  failure  under  relatively  low  stresses.  Many  of 
the  reported  failures  displayed  a  fracture  surface  in  the  form  of  a 
conical  spiral  that  resembles  the  failure  mode  of  a  piece  of  chalk 
when  exposed  to  a  torsional  nrKiment  l2i  Consequently,  if  rx>t  solely 
responsible,  a  torsional  stress  component  was  at  least  significantly 
present.  These  failures  have  generally  appeared  in  splices  that 
directly  grip  the  glass  fiber.  Fibers  with  a  900  mm  tightly-buffered 
polyester  elastomer  coating  were  particularly  susceptible  to  these 
failures  because  of  the  coating's  relatively  large  stiffness.  A  torsional 
nrtoment  is  applied  to  the  spliced  fiber  whenever  the  splice  assembly 
is  secured  in  a  splice-tray  organizer  and  the  excess  fiber  is  stored 
[1].  Basic  information  on  the  susceptibility  of  splices  to  torsion  was 
obtained  through  a  series  of  static  and  dynamic  torsion  tests  and 
reported  in  [1].  These  tests  simulated  a  splice  arranged  in  a 
organizer  assembly  while  a  controlled  twist  was  applied  as  shown  in 
Fig.  1.  The  numter  of  twists  required  to  produce  failure  was 
recorded  for  fibers  with  different  coating  materials  and  coating 
tfiickness.  Since  the  geometry  of  the  fiber  undergoing  the  test  is 
complicated,  the  stress  at  failure  is  rxtt  easily  computed.  To  analyze 
this  test  method,  which  gives  rise  to  large  displacements,  a 
nonlinear,  3-dimensional,  finite  element  model  was  developed. 


in  this  paper  a  brief  description  of  the  finite  element  nvytel  is  given  in 
Section  2.  In  Section  3,  the  results  of  torskn  tests  on  straight  optical 
fibers  with  partially  stripped  lengths  are  presented.  The  finite  element 
model  is  used  to  analyze  the  stress  state  of  the  fiber  when  exposed 
to  the  torsional  test  procedure  shown  in  Fig.  1.  This  state  of  stress  is 
then  compared  to  the  expected  long-temn  storeige  stress  in  a  typicai 
splice  tray  organizer  in  Section  4.  Finally,  Section  5  includes  a 
summary  and  conclusions. 


FIG.  1  :  TORSION  TEST  APPARATUS 


2.  Three-Dimensional  Rnite  Element  Model 

The  optical  fiber  is  considered  an  elastica  with  small  deformations 
and  l^u'ge  displacements.  Initial  configurations  with  curvature  are 
constructed  with  a  series  of  straght-beam  elements  oriented  end-to- 
end  to  approximate  the  curve.  A  single  beam  elemertt.  Fig.  2,  has  2 
nodes,  one  at  each  end,  and  6  degrees  of  freedom  per  node,  3 
displacements  emd  3  rotations.  The  nodal  forces  consist  of  an  axial 
force,  2  shear  forces,  a  torsional  moment  and  2  bending  moments. 
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Representing  the  nodal  displacenwnts  in  terms  of  polynomials: 

u(x)-ua(xb-x)/L  +  ub(x-xa)/L 

u(x)-(i)A  (xb-x)/L  +  (i)b  (x-xa)/L 

w  (x)  =  WA  91  (x)  +  WB  92(x)  +  ♦zA  93(x)  +  9zB  94(x) 

V  (x)  «  VA  01  (x)  +  VB  92W  +  4>yA  fsM  +  i>yB  94(x) 

91  (x)  -  1  -3  (x-xa)^/l2+  2  (x-xa)^/L3 

92  (x)-  1  -3(xb-x)2/l2  +  2(xb-xP/L3 

93  (x)  -  (x  -  xa)  -  2  (x  -  /  L  +  (x  - 

94(x)-  -  (xb-x)-2(xb-x)2/L  +  (x8-x)3/l2. 

u(x)  is  the  axial  displacement,  w(x)  and  v(x)  are  the  transverse 
deflections  in  the  y  zmd  z  directions,  aKx)  is  the  anguizu’  twist,  9y  and 
9z  are  the  angular  rotations  in  the  y  and  z  directions,  respectively,  L 
is  the  length  of  the  beam  element  and  subscripts  A  and  B  designate 
parameter  vedues  evaluated  at  element  nodes.  These  displacements 
are  used  to  form  the  total  energy  expression  of  the  beam  element 
[3,4].  Equilibrium  of  the  beam  element  is  established  by  determining 
the  nodal  displacements  that  minimize  the  energy.  This  leads  to  12 
equations  for  the  12  unknown  nodal  displacements  In  local 
coordinates: 


n-1 

incremental  load  applications,  lS„.i]=  Z[K,1[«U,1  is  the  matrix 

1-1 

of  cumulative  internal  nodal  resisting  forces  and  (&„  j=[Un  -Un-i]  is 
the  incremental  change  in  displacement  from  the  previous  load 
application. 

For  the  optical  fiber  configurations  considered,  an  additional 
nonlinearity  occurs  because  of  the  restricted  motion  of  the  fiber 
within  a  splice  tray  organizer  or  the  displacement  constraints 
provided  by  the  rigid  guides  shown  in  the  torsional  test  zqiparatus  of 
Fig.  1.  Hence,  this  finite  element  program  checks  the  location  of  each 
node  at  every  Incremental  load  cycle  for  contact  with  any  rigid 
constraint  When  contact  is  indicated,  the  affected  nodes  are  fixed 
arxf  the  calculation  is  repeated.  Subsequent  incremental  load  cycles 
then  require  at  least  two  iterations.  The  first  iteration  is  performed  to 
check  foe  status  of  foe  nodes  in  contact  with  foe  barrier.  This 
calcuiation  is  carried  out  with  foe  affected  nodes  free.  If  continued 
barrier  contact  is  indicated,  the  cycle  is  repeated  with  foe  nodes 
fixed;  otherwise  the  results  ve  accepted. 

3,  Torsion  Tests  on  Straight  Optical  Rbers 


|K.lIUil=lfil+lPil+lFri  11) 

where  |K|]  is  the  local  beam  stiffness  matrix  [3,4],  [U|]  Is  the  nodal 
displacement  vector,  [Fj  and  {Ff]  are  the  applied  force  and  nodal 
reaction  force  vectors,  respectively,  and  iFl*!  is  the  rotational  force 

vector  required  to  correct  for  shrinking  or  lengthening  of  the  element 
in  the  presence  of  a  rigid  body  rotation  [5].  When  forming  shapes 
using  many  elements  at  different  orientations,  all  nodal 
displacements  and  forces  are  referenced  to  a  fixed  common  system 
called  the  global  coordinate  system.  The  matrix  equation  for  the 
beam  element  is  reached  using  a  transformation  of  the  stiffness 
matrix  [4]: 


where  1^1  is  foe  transformation  matrix  and  the  superscript  T 
specifies  foe  transpose  of  foe  matrix.  Consequently,  eq.  (1)  in  foe 
global  system  is  written  as: 

lKgiiu,i=|F,i+[P,i+jF;i 


The  reaction  forces  at  the  internal  nodes  cancel  when  assembling  an 
entire  structure  and  therefore  foe  matrix  equation  for  the  whole 
stnjcture  is: 


(2) 


Torsion  tests  were  performed  on  commercial  125  pm  diameter  fibers. 
The  fibers  had  an  inner,  multi-layer,  protective  acrylate  coating  with  a 
thickness  of  approximately  187.5  pm  and  a  tightly  buffered  200  pm 
thick  overlay.  The  overall  diameter  was  therefore  nominally  900  pm. 
A  23  cm  (9  in)  gage  length  was  used  for  all  tests.  Since  coating 
materials  exhibit  nonlinear  behavior,  unstripped  fibers  were  twisted  to 
quantify  this  attribute  for  inclusion  in  the  finite  element  model.  The 
torque  versus  twist  per  unit  length  data  obtained  from  these  tests 
were  approximated  by  5  linear  segments  in  the  nxrdel.  Figure  3  is  a 
plot  of  foe  experimental  data  and  foe  finite  element  model.  Good 
agreement  between  model  and  experiment  is  seen,  indicating  that 
the  nonlinear  properties  of  the  coating  have  been  rrxyleled  correctly. 
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where  IKJ  is  the  global  stiffness  of  the  whole  structure,  |U|  is  the 
global  nodal  displacement  vector,  [F|  is  the  global  applied  force 
vector  and  |F'i|  is  the  rotational  load  vector  for  the  whole  structure. 

Equation  (  2  )  can  be  used  whenever  the  displacements  are  small. 
However,  when  the  nwtion  is  large,  such  that  foe  geometric  shape  of 
the  structure  changes  considerably  during  a  load  application,  it  is 
necessary  to  apply  the  load  gradually  and  compute  Incremental 
displacements.  At  each  incremental  load  application,  the  global 
stiffness  is  re-evaluated  to  compensate  for  the  changed  geometry. 
This  results  in  the  following  equation  for  treating  these  geometric 
non-linearities: 

IK^.  ilfan  l=lFn  l+lF?-ll  -[Sn-ll 
where  |K,^f]  is  the  global  stiffness  of  foe  structure  after  n-1 


FI6.  3  ;  TORSION  OF  TIGHTIV  BUFFFRED  900  micron 

0NSTRI7PFD  POIVFSTFR  ElASTOMFR  COAIFD  FIBFR 

Torsion  tests  were  also  conducted  on  configurations  that  simulate  a 
grip  splice  entry  condition.  One  end  of  foe  fiber  was  stripped,  and  the 
splice  gripping  mechanism  was  simulated  by  using  an  epoxy 
adhesive  to  adhesive  to  attach  a  glass  or  copper  capillary  tube  to  the 
end  of  the  stripped  length  [6].  Stripped  sections  of  35  mm,  15  mm 
and  2  mm  were  examined.  Test  data  are  plotted  in  Fig.  4  with  foe 
finite  element  rrxxlel  results.  Notice  that  the  model  predicts  a  much 
stiffer  response  for  all  3  cases  because  it  is  assum^  that  the  glass 
fiber  and  layers  of  coating  twist  in  unisoa  This  is  apparently  valid  for 
torsion  of  unstripped  fiber  but  not  true  when  a  portion  of  foe  coating 
is  stripped  off.  It  is  known  that  an  abrupt  cross-sectional  change 
produces  a  shear  stress  distribution  between  the  glass  fiber  and 
coating  [71  This  shear  stress  is  developed  to  allow  a  redistribution  of 
foe  torque  between  foe  coating  and  glass.  It  is  expected  that  the 
maximum  shear  stress  occurs  at  foe  point  of  abrupt  cross-section 
change  and  decays  rapidly  with  distance.  The  first  layer  of  coating. 
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an  acrylate  polymer  that  adheres  to  the  glass.  Is  typically  compliant 
Therefore  it  appears  reasonable  to  expect  that  in  the  vicinity  of  the 
maximum  shear,  a  decoupling  of  the  glass  and  coating  occurs. 
Under  this  condition,  the  torsional  stiffness  decreases  and  the  fiber 
behaves  as  though  the  stripped  length  has  increased. 
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FIG.  4  :  TORSION  OF  TIGHTLY  BUFFERED  900  micron 

STRIPPED  POLYESTER  ELASTOTCR  COATED  FIBER 


Using  elementary  strength  of  materials  [21  an  equation  for  estimating 
the  effective  stripped  length  is  obtained  in  the  form: 


(L,)-,= 


(3» 


where  (Lglerr  is  the  effective  stripped  fiber  length,  L  is  the  total  length 
of  stripped  and  unstripped  fiber,(GJ)g  is  the  torsional  stiffness  of  bare 
glass  fiber,  (GJio  is  the  elastic  torsional  stiffness  of  the  partially 
stripped  fiber  from  Fig.  4,  and  (GJ>t  is  the  elastic  torsional  stiffness 
of  the  unstripped  fiber  from  Fig.  3.  Using  eq.  (3),  the  effective  stripped 
length  is  found  to  increase  an  average  amount  of  5.8  mm  (0.228  in) 
for  the  3  sets  of  partially  stripped  fibers  tested.  The  test  data  indicate 
that  this  effect  takes  place  at  low  torque.  Therefore,  for  all  practical 
considerations,  it  can  be  taken  to  occur  instantaneously.  The  fact 
that  the  effective  stripped  length  increased  the  same  for  the  3  cases 
tested  explains  why  the  shortest  stripped  length  (2  mm)  shows  the 
largest  discrepancy  with  the  model,  because  this  represents  a  larger 
percentage  of  the  original  length  of  bare  fiber. 


It  is  not  possible  to  observe  this  effect  visually.  However  to  check 
this  hypothesis,  a  second  series  of  torsion  tests  were  conducted.  For 
these  tests  an  epoxy  adhesive  was  placed  at  the  edge  of  the  stripped 
section  to  prevent  large  relative  twists  between  the  glass  and  coating 
at  the  critical  cross-section.  This  technique  enforces  the  requirement 
that  the  glass  fiber  and  coating  move  in  unison.  The  experimental 
data  and  finite  elemerrt  model  results  are  In  excellent  agreement,  as 
shovYn  in  Fig.  5.  It  Is  therefore  cottduded  that  In  the  vicinity  of  the 
strip  point  the  coating  experiences  a  significant  reiative  twist  with 
respect  to  the  glass.  This  reduces  the  contribution  of  the  coating  to 
the  torsfonai  stiffness  and  effectively  lengthens  the  bare  fiber  region. 
For  a  given  twist,  a  compliant  inner  primary  coating  can  be  effective 
in  reducing  the  torque  and  therefore  the  stress  transmitted  to  the 
bare  glass  fiber  in  pautially  stripped  fibers.  Taking  into  account  this 
effective  increase  in  stripped  length,  the  finite  element  model 
produces  the  results  shown  plotted  In  Fig.  6.  The  model  and 
experimental  data  are  now  In  good  agreement 
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o 
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ELASTOMER  COATED  FIBER  WITH  EPOXY  AT  STRIP  POINT 


FIG.  6  :  TORSION  OF  TIGHTLY  BUFTERED  900  micron  POLYESTER 

RASTOrCR  COATED  FIBER  WITH  RELATIVE  TWIST  CORRECTION 


4.  Calculation  of  Stresses  in  Spliced  Fibers 

The  test  apparatus  shown  in  Fig.  1  is  used  to  assess  the 
susceptibility  of  fibers  contained  in  splice  tray  organizers  to  torsional 
loads.  Torsional  loading  occurs  when  the  splices  are  placed  in 
organizers  and  the  excess  fiber  is  coiled  for  storage. 

Computer  simulations  of  the  fiber  under  the  torsional  testing  of  the 
fixture  of  Fig.  1  were  conducted  using  the  finite  element  model 
discussed  in  Section  2.  Because  of  their  greater  vulnerability,  the 
computer  simulations  were  performed  with  the  900  |im  tightly 
buffered  polyester  eleetomer  coating.  The  arrangement  of  the  fiber  in 
the  fixture  was  nrxxleled  assuming  an  elliptical  bend  and  discrete 
rigid  guide  posts,  as  shown  in  Fig.  7.  A  total  of  30  elements  was 
used;  of  these,  14  elements  were  used  to  approximate  the  elliptical 
portioa  The  end  of  the  fiber  in  the  elliptical  section  was  assumed  to 
have  a  stripped  section  3  mm  long,  typical  of  grip  splices,  and  rigidly 
held  at  one  end.  In  splices  of  this  type,  a  7  mm  len^  of  coated  fiber 
is  generally  found  to  be  loosely  held  in  an  oversized  100  |im 
clearance  opening.  This  provides  some  bending  strain  relief.  In  the 
computer  simulations,  the  finite  element  representing  this  coated 
fiber  segment  was  allowed  to  translate  only  to  the  extent  of  the 
clearance,  100  |im.  From  the  discussion  of  Action  3,  the  length  of 
bare  fiber  was  effectively  increased.  This  mechanism  was 
incorporated  in  the  computer  simulations  by  using  a  lower  effective 
torsional  rigidity  for  the  element  affected. 
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Comparisons  of  the  deflected  mode  shapes  obtained  by  the  model 
with  those  given  in  the  torsional  test  apparatus  are  shown  in  Figs. 
8(A-Cl.  Despite  some  differences  in  initial  fiber  position  and  the 
eiiiptical  approximation  of  the  curved  fiber  segment,  good  agreement 
between  model  atwl  test  wss  achieved.  The  maximum  fiber  tensile 
stress  at  the  splice  predicted  by  the  model  is  plotted  against  the 
number  of  end  rotations  in  Fig.  9.  The  craftsperson  preparing  the 
splice  is  required  not  to  degrade  the  tensile  strength  of  the  fiber 
below  200  ksi.  The  model  therefore  predicts  that  rrwre  than  4 
rotations  are  needed  for  failure.  In  all  of  the  tests  conducted,  more 
than  4  roUrtions  were  required  to  produce  fiber  failures,  agreeing  with 
resuits  of  the  model. 


FI6.9  ;  riAXirUn  PRINCIPAL  FIBER  TENSILE  STRESS  AT  SPLIO 
VERSUS  NUTBER  OF  END  ROTATIONS 

To  put  these  computed  stress  levels  In  perspective,  consider 
estimating  the  expected  storage  fiber  stress  in  a  typical  splice  tray.  A 
minimum  of  60  cm  (23.6  in)  of  excess  fiber  Is  stipulated  when  fiber  is 
stored  in  an  organizer  assembly  (8].  Organizers  are  generally  sized 
to  allow  15  cm  (6  In)  diameter  loops  to  be  formed  and  therefore  at 
least  two  loops  are  generally  Incorporated.  The  formation  of  each 
loop  produces  a  2x  twist  In  the  fiber.  The  fiber  loops  are  held  in 
equilibrium  only  by  end  forces  and  moments  and  therefore  the  twist 
per  unit  length  of  fiber  is  a  constant  [91  Hence,  for  calculating  the 
torque,  the  fiber  can  be  treated  as  a  straight  lertgth.  SirKe  the  splices 
considered  do  not  provide  torsional  strain  relief,  the  resulting  torque 
is  transmitted  direc%  to  the  3  mm  bare-glass  segment  that  lies  Just 
before  the  splice’s  gripping  mechanism.  Again,  from  strength  of 
materials  [21  the  torque  in  a  pariiatly  stripped  fiber  can  be  expressed 
in  tenns  of  the  applied  Kvist  as: 


"  AGi)r 


}  (4) 


fiiNiTC  cumr  rvoa 


riMTE  acnon  tma. 


where  To  is  the  torque  in  the  fiber,  eolt--.65  Is  the  twist  angle  per  unit 
length  after  forming  2  loops,  (GJ)g»252x10'^lb-ln^ls  the  torsiorral 
stiffhess  of  the  bare  glass  fiber  and  (GJ)t"3617x10'*  Ib-in^  Is  the 
elastic  torsional  stiffness  of  the  coated  fiber.  From  eq.  (4),  the  torque 
transmMed  to  the  bare  fiber  Is  Tq-I. 83x10'^  Ib-fo.  This  corresponds 
to  a  maximum  shear  stress  of  ksl.  In  addition  to  torsion,  a 

bending  trroment  is  also  transmitted  to  the  bare  fiber  at  the  splice 
when  forming  the  fiber  storage  loop;  but  In  this  Instartce  there  is 
sorrw  intrinsic  strain  relief.  The  7  mm  coated  length  of  fiber  in  the 
body  of  the  splice  is  constrained  and  cannot  translate  more  than  the 
100|im  clearance  hole  permits.  For  bendfog  about  the  y  and  z  axes, 
the  normal  stress  on  the  perimeter  of  the  fiber  is  given  by  [2); 

o  =  ^^{Mpose-M,SinO| 
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Fie  B  •  DEFLECTED  SHAPE  FOR  TORSION  TEST  AND  HOOCL 
(A)  I  TWIST,  (B)  2  TWISTS,  <C)  3  TWISTS 


where  o  is  the  normal  stress  in  the  bare  fiber,  Eg-10.25x1()^  ksi  is 
Young’s  modulus  of  the  glass  fiber,  0^>4.92x1(7^  In  is  the  diameter 
of  the  glass  fiber,  (El)g-287x10'^lb-ln^ls  the  flexural  rigidity  ,  Mz 
and  My  are  the  bending  moments  about  the  z  and  y  axes, 
respectively,  and  the  angle  6  locates  the  stress  points  on  the 
circumference  of  the  fiber.  The  bending  momenta  appearing  in  eq. 
(5)  are  computed  from  the  end  deflections  aiKf  rotations  of  the  3  mm 
bare  fiber  segment  conttdned  in  the  splice  through  equations: 


M. 


6(EI), 


'  U  * 
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where  Lg-0.118  In  (3  mm)  is  the  length  of  bare  fiber  in  the  splice 
Ay*Az-  -  0.002  in  (50|im)  are  the  maximum  end  deflections  allowed 
by  the  clearance  opening,  and  <i>2*  -  <t>y~2(0.002  in)/(0.275  in)-2(50 
^.m)/(7  mm)  are  the  maximum  allowed  end  rotations  eesuming  a  rigid 
body  motion.  Equation  (6)  quantifies  the  bending  nrmments;  M2'‘  - 
My-3.18x110‘^  in-lb.  From  eq.  (5),  the  maxinrxjm  tensile  stress 
occurs  when  6-45°  and  assumes  the  value  Ornax'^O  Using 
Mohr’s  circle  [9],  the  mjudmum  principal  tensile  stress  expected  in 
the  looped  fiber  due  to  combined  bending  and  torsion  is  97  ksi.  From 
Fig.  9  it  is  seen  that  approximately  3  rotations  are  required  to  Induce 
this  level  of  stress  when  the  spliced  fiber  is  subjected  to  the  torsion 
test  of  Fig.  1. 


5.  Summary  and  Conclusions 

Experiments  and  analyses  were  conducted  to  quantify  torsior>al 
stresses  iu  spliced  optical  fibers  that  are  stored  and  arranged  in 
splice-tray  organizer  assemblies.  Tightly  buffered  optical  fibers  that 
are  coated  to  an  overall  900  |im  diameter  with  a  relatively  stiff 
polyester  eleistomer  and  contained  in  a  grip-type  splice  were 
considered  because  of  their  apparent  greater  vulnerability.  To 
analyze  a  torsional  test  method  a  3-dimensional  finite  element  model 
w^ls  developed.  This  model  can  treat  material  nonlinearities  and 
large  displacements. 

A  series  of  pure  torsion  tests  on  straight  fibers  with  different  lengths 
of  stripped  coating  were  conducted.  These  tests  were  used  to 
ch^u’^u^rize  the  nonlinear  properties  of  the  coating  and  to  assess  the 
sensitivity  of  the  stripped  fiber  length  to  the  torsional  stress 
transmitted  to  the  bare  glass  fiber.  The  nonlinear  material  property  of 
the  coating  determined  in  these  tests  was  incorporated  in  the  finite 
element  model.  The  torsional  stresses  imparted  to  the  bare  fiber  are 
inversely  proportional  to  the  length  of  stripped  fiber  for  a  given  twist 
per  unit  length.  It  was  also  found  that  a  significant  relative  twisting 
talces  place  between  the  glass  fiber  and  coating  at  the  point  where 
the  coating  is  stripped  off.  This  has  the  effect  of  increasing  the 
effective  length  of  stripped  fiber  and  ultimately  results  in  reducing  the 
tor»onal  stresses  transmitted  to  the  bare  glass  fiber.  The  assumption 
usually  made  In  analyzing  this  stress  state  is  thert  the  coating  and 
glass  fiber  twist  in  unison,  but  at  le^kst  for  straight  lengths  combining 
stripped  and  unstripped  fiber,  this  is  not  valid.  A  rmre  accurate  aixf 
less  corrservative  calculation  of  the  torsiorral  stress  should  account 
for  an  increase  in  the  effective  stripped  length.  The  region  over  which 
the  coating  moves  relative  to  the  glass  fiber  was  found  to  be  5.8  mm 
(0.  228  in). 

The  deflected  modes  of  the  spliced  fiber  predicted  by  the  finite 
element  model  are  in  good  agreement  with  actual  observed  modes  in 
the  torsional  test  apparatus.  The  model  predicts  that  in  a  dynamic 
test  environment  more  than  4  twists  are  required  for  failure.  This 
agrees  with  actual  test  results;  where  more  than  4  twists  were 
necess^  to  cause  failure.  It  Is  also  Indicated  that  the  stress  levels 
treinsrrutted  to  the  spliced  fiber  in  the  torsional  test  apparatus  are 
cortsistant  with  expected  spliced  fiber  storage  stresses  and  therefore 
can  be  used  as  a  tool  for  assessing  the  issue  of  splice  sensitivity  to 
torsional  stresses. 
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ABSTRACT 

In  this  paper  we  examine  the  effects  of  mass-fusion  splicing 
techniques  on  the  long-term  reliability  of  fibers.  As  part  of 
this  work,  we  consider  the  effect  of  some  of  the  variables  in 
the  mass-fusion  splicing  process  that  can  affect  the  strength  of 
the  fiber.  Specifically,  we  measured  the  tensile  strength  of  the 
splices  with  and  without  plastic  protection  sleeves.  Tensile 
strength  measurements  alone  may  not  be  sufficient  to  provide 
all  the  information  needed  for  understanding  the  failure 
tiKchanisms  and  for  assuring  the  mechanical  integrity  of  mass- 
fusion  splices.  Therefore  we  also  examined  the  effects  of 
aging  in  different  environments  on  the  mechanical  reliability  of 
the  splices. 


INTRODUCTION 

The  mechanical  reliability  of  optical  fibers  has  been  of  major 
interest  since  their  introduction  into  the  telephone  network. 
Initial  work  in  this  area  concentrated  on  the  strength  of  long 
lengths  of  fiber  since  the  first  telecommunications  application 
of  fiber  optics  was  long-distance  transmission.  Optical  cables 
for  this  application  contain  long  lengths  of  fiber  with  relatively 
few  splices,  some  of  which  are  prefabricated  in  the  factory.  As 
the  use  of  fibers  spreads  through  the  telecommunications 
plant,  shorter  cables  containing  numerous  field  splices  are 
becoming  more  common.  New,  low-  cost  designs  of  all 
components  are  necessary  to  meet  the  requirements  of  high 
quality,  large-scale  production  and  installation.  Since  splicing 
is  labor-intensive,  highly-efficient  fiber  splicing  techniques  arc 
indispensable  for  cost  saving  and  for  reducing  construction 
time.  Since  a  large  number  of  fiber  splices  are  required  for 
high-count  optical  fiber  cables,  mass-fusion  splicing 
techniques  have  been  developed  for  joining  multi  fibers 
quickly  and  economically. 

The  preparation  of  multiple-fiber  fusion  splices  involves 
several  steps  which  may  damage  the  fiber.  This  includes 
removing  the  cable  structure,  stripping  the  coating,  cleaning 
the  stripped  fiber,  cleaving  the  fiber,  splicing,  fiber  recoating 
and/or  installation  of  the  splice  supporting  structure  (i.e.,  the 
splice  protector).  Many  of  these  steps  expose  the  glass 
surface  to  mechanical  damage  and  the  degradation  effects  of 
the  environment.  In  a  recent  paper ',  we  examined  reliability 
issues  for  single-fiber  fusion  splices.  In  this  paper,  we 
examine  the  effects  of  mass-fusion  splicing  techniques  on  the 
strength  of  the  fibers.  As  part  of  this  work,  we  consider  the 
effect  of  some  of  the  variables  in  the  mass-fusion  splicing 
process  that  can  affect  the  strength  of  the  fiber.  Specifically, 
we  measured  the  tensile  strength  of  fusion  splices  with  and 
without  plastic  protection  sleeves.  Also,  individual  fiber 
strengths  of  the  mass-fusion-spliced,  12-fiber  ribbons  were 


measured  to  determine  the  effect  of  a  fiber’s  position  in  the 
ribbon  during  splicing.  The  tensile  strengths  of  splices  were 
also  tested  after  aging  at  high  temperature  and  humidity  (85  °C 
and  85%  RH)  and  at  85  °C  in  deionized  water.  In  total,  nearly 
2,700  fusion  splices  were  made  and  tested  for  this  study. 


EXPERIMENTAL  PROCEDURE 
The  objective  of  this  work  was  to  characterize  the  strength 
reduction  that  takes  places  during  the  mass-fusion  splice 
operation.  A  commercial  12-fiber  ribbon,  representative  of 
current  production,  was  obtained  from  a  vendor.  The 
individual  fibers  were  125-pm  glass,  coated  with  a  UV-cured 
urethane  acrylate  to  an  overall  diameter  of  250  pm.  The  same 
procedure  was  used  to  prepare  all  ribbon  fiber  ends  for  the 
fusion  step.  This  included  stripping  the  coating  with  a 
thermo-mechanical  multi-fiber  striper.  The  blade  of  the  tool 
was  cleaned  re^larly.  The  stripped  ends  were  wiped  clean  by 
using  a  Q-tip  dipped  in  ethyl  alcohol,  and  the  fiber  ends  were 
cleaved  using  a  multi-fiber  cleaving  tool.  The  blades  of  the 
cleaving  tool  were  also  cleaned  regularly.  After  cleaving,  each 
fiber  in  a  ribbon  was  placed  cleaved-end-to-cleaved-end  on  a 
V-groove  alignment  plate  (Figure  1)  and  mass-fusion  spliced 
with  an  electric  arc.  All  splices  were  made  using  the  same 
commercial  arc-fusion  splicer  to  eliminate  splicing  machine 
variability.  Two-thirds  of  the  splices  made  in  this  study  had  a 
heat-shrunk,  plastic  protection  sleeve  installed  over  the 
stripped  and  spliced  area  as  per  manufacturers’  instructions; 
the  other  third  were  prepared  without  the  sleeve.  Sleeves  were 
obtained  from  two  different  sources;  the  sleeves  are 
designated  herein  as  sleeves  1  and  2.  Figure  2  shows  the 
structure  of  a  typical  protection  sleeve.  It  is  usually  composed 
of  3  elements:  a  heat-shrink  tube,  a  hot-melt  adhesive  tube, 
and  a  tension  member.  The  protection  sleeve  is  located  over 
the  spliced  ends  of  the  fiber  and  fixed  in  place  by  heating. 

To  determine  whether  the  fusion  conditions  for  every  fiber 
were  uniform  during  mass-fusion,  the  tensile  strength  of 
individual  fibers  in  the  ribbon  were  tested.  We  also  measured 
the  strength  of  the  mass-fusion-spliced  fiber  ribbon  with  and 
without  protection  sleeves.  The  failure  strength  for  our 
experiments  was  defined  as  the  load  at  which  the  first 
breakage  occurred  in  the  spliced  fibers  in  the  ribbon.  The 
tensile  strength  of  the  spliced  samples  was  measured  on  a 
screw-driven  universal  tensile  testing  machine  at  a  strain  rate 
of  5%  per  minute  in  a  test  environment  of  22  °C  and  50%  RH. 
Samples  were  gripped  on  2-in.  (5-cm)  diameter  capstans 
covered  with  a  soft  elastomeric  sleeve  and  were  secured  with 
masking  tape.  A  gage  length  between  capstans  of  20  in.  (50 
cm)  was  used  and  61  samples  were  tested  for  each  condition. 
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Spliced  fiber  ribbons  were  tested  both  in  the  as-spliced 
condition  and  after  aging  at  high  temperature  and  humidity  (85 
°C  and  85%  RH)  and  at  85  °C  in  deionized  water.  The 
samples  were  conditioned  in  the  test  environment  a  minimum 
of  24  hours  before  being  tested.  In  addition,  samples  of 
unspliced,  as-received  fibers  separated  from  the  ribbon 
structure  were  tested  to  serve  as  a  base-line  for  our  study.  The 
variables  considered  in  this  work  were: 

Sleeve  1, 2 

Splice  type  sleeved,  unsleeved 

Aging  Conditions  85  °C  -  deionized  water 

85  °C  -  85%  RH 

Aging  Time  1  day,  1  week,  1  month, 

3  months,  6  months 


RESULTS  AND  DISCUSSION 
Figure  3  shows  the  failure  strength  distribution  of  individual 
fibers  in  the  mass-fusion  spliced  12-fiber  ribbons.  Failure 
strength  did  not  depend  on  the  position  of  the  fibers  in  the 
ribbon.  This  shows  that  the  thermal  distribution  of  the  arc 
during  the  splicing  operation  does  not  affect  the  strength 
distribution.  The  average  failure  strength  for  the  individual 
fibers  was  102,000  psi  (pounds  per  square  inch).  The 
strength  of  optical  fibers  normally  can  be  fit  to  a  Weibull 
distribution  with  a  very  steep  slope  that  is  characteristic  of  a 
narrow  distribution  of  strengths.  However,  the  strengths  for 
both  unaged  and  aged  mass-fusion-spliced  fibers  showed 
(Figures  4-6)  very  broad  distributions.  The  effect  of  fusion 
splicing  on  the  tensile  strength  of  ribbon  fibers  is  summarized 
in  Table  1 . 

Several  observations  about  mass-fusion  splicing  are  apparent. 
First,  the  splicing  operation  (stripping,  cleaning,  cleaving  and 
fusing)  is  the  cause  of  the  largest  deterioration  in  strength;  for 
example,  from  780,000  psi  tensile  strength  as-received  to 
102,000  psi  as-spliced.  Examination  of  the  fractures  indicated 
that  failure  always  occurred  in  the  region  adjacent  to  the  fusion 
zone.  Thus,  the  low  strength  observed  is  the  result  of  damage 
to  the  exposed  glass  surface  during  the  preparation  of  the  fiber 
ends  (stripping,  cleaning,  and  cleaving)  and  during  the  mass- 
fusion  operation  (possibly  abrasion  in  the  V-grooves).  This 
result  agrees  with  the  very  few  field  failures  ^  that  have  been 
experienced  with  mass-fusion  splices.  The  use  of  a  heat- 
shrink  plastic  protection  sleeve  increases  the  measured 
strength  of  the  splice  significantly  in  the  unaged  condition. 
This  indicates  that  the  lo^  is  cairi^  across  the  weak  splice(s) 
by  the  sleeve  and  that  the  measured  strength  is  not  a  true 
indicator  of  the  fiber  strength. 


Aging  at  85  °C  in  deionized  water  or  in  high  humidity  has  little 
effect  on  the  strength  of  unsleeved  splices.  The  flaws 
introduced  into  these  fibers  during  the  preparation  and  splicing 
operations  are  so  large  that  the  in  size  increase  caused  by  the 
corrosive  aging  environment  is  insignificant.  However,  aging 
in  either  deionized  water  or  high  humidity  may  cause  large 
decreases  in  the  strength  of  splices  with  a  heat-shrink  plastic 
sleeve,  as  the  splices  with  Sleeve  2  did.  The  aging 
environment  rapidly  destroyed  the  ability  of  Sleeve  2  to  carry 
the  load  so  that  the  measured  strength  of  the  aged  sleeved 
samples  approached  the  strength  of  the  unsleeved  splices.  As 
shown  in  Table  1  and  Figures  5  and  6,  fibers  spliced  with 
Sleeve  1  showed  less  effect  due  to  aging. 

The  results  of  this  study,  like  that  of  our  earlier  one  ' ,  show 
that  the  splicing  operation,  especially  ribbon-fiber-end 
preparation,  is  very  deleterious  to  the  strength  of  the  fiber.  It 
is  suggested  that  heat-shrink  plastic  sleeves  provide  an  initial 
strengthening  effect,  but  this  may  be  rapidly  lost,  depend''’g 
upon  the  sleeve  design,  when  the  splices  are  exposed  to 
moisture.  In  addition,  it  is  important  to  design  splice 
enclosures  to  minimize  stresses  on  the  splice  and  to  protect 
them  from  the  service  environment. 


CONCLUSIONS 

As  a  result  of  this  study,  several  observations  about  mass- 
fusion  splicing  are  apparent.  First,  the  splicing  operation 
(stripping,  cleaning,  cleaving  and  fusing)  is  the  cause  of  the 
largest  deterioration  in  strength.  The  use  of  a  heat-shrink 
plastic  protection  sleeve  increases  the  measured  strength  of  the 
splice  significantly  in  the  unaged  condition ,  but  this  effect  can 
be  lost  rapidly  when  the  splices  are  exposed  to  moisture. 

In  summary,  multi-fiber  splicing  will  become  increasingly 
important  for  subscriber  distribution.  We  have  shown  that  the 
mechanical  reliability  of  mass  fusion  splices  is  sensitive  to  the 
splicing  practices  and  the  effectiveness  of  each  splice  design  in 
protecting  the  fibers  from  hostile  environments  and  high 
stress. 
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Table  1  •  Effect  of  Fusion  Splicing  on  Fiber  Strength 


Fiber  Condition 

Aging  Condition 

Median  Strength,  psi 
Unsleeved  Sleeved 

Sleeve  1  Sleeve  2 

Unstripped,  unspliced 

Unaged 

780,000 

- 

- 

Stripped,  spliced 

Unaged 

102,00 

523,000 

569,000 

Stripped,  spliced 

1  day,  85  °C,  85%  RH 

99,000 

526,000 

482,000 

Stripped,  spliced 

1  week,  85  °C,  85%  RH 

91,000 

505,000 

362,000 

Stripped,  spliced 

1  month,  85  °C,  85%  RH 

85,000 

476,000 

134,000 

Stripped,  spliced 

3  months,  85  “C,  85%  RH 

67,000 

481,000 

135,000 

Stripped,  spliced 

6  months,  85  °C,  85%  RH 

72,000 

469,000 

111,000 

Stripped,  spliced 

1  day,  85  °C,  deionized  water 

82,000 

495,000 

402,000 

Stripped,  spliced 

1  week,  85  “C,  deionized  water 

69,000 

464,000 

164,000 

Stripped,  spliced 

1  month,  85  °C,  deionized  water 

76,000 

450,000 

97,000 

Strif^ted,  spliced 

3  months,  85  °C,  deionized  water 

70,000 

420,000 

105,000 

Stripped,  spliced 

6  months,  85  °C,  deionized  water 

73,000 

429,000 

109,000 
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Failure  Strength,  kpsi 


Fibers 


Figure  1  -  V-groove  alignment  plate 


fiber  path 


1:  heat-shrink  tube 
2;  hot-melt  adhesive  tube 
3;  tension  member 


Figure  2  -  The  structure  of  a  typical  protection  sleeve  for  reinforcement 


Failure  Strength,  kpsi 


Figure  4  -  Effect  of  mass-fusion  splicing  on  strength  of 
optical  fibers 
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Failure  Strength,  kpsi 


Figure  5  -  Effect  of  aging  at  85  °C,  85%  RH  for 
I  month  on  strength  of  mass-fusion  splices  in  optical 
fibers  without  and  with  plastic  protection  sleeves 
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Figure  6  •  Effect  of  aging  in  85  °C  deionized  water  for 
1  month  on  strength  of  mass-fusion  splices  in  optical 
fibers  without  and  with  plastic  protection  sleeves 
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ABSTRACT 

Optical  fiber  coatings  (and  tight-buffer  layers)  protect  glass 
fibers  from  mechanical  and  environmental  stresses  that  would 
otherwise  cause  failure.  However,  if  the  coating's  integrity  or 
its  bond  to  the  glass  degrades,  water  or  other  environmental 
agents  and/or  mechanical  wear  mechanisms  can  attack  the 
glass  surface.  Some  fiber  coatings  have  been  shown  to  split 
and  delaminate  during  aging  in  some  common  buffer  tube  gels. 
A  similar  aging  condition  exists  when  fibers  are  exposed  to 
index-matching  gels  or  incompletely  cured  adhesives  in 
splices.  We  therefore  conducted  accelerated  aging  tests  to 
evaluate  the  reliability  of  fiber  coatings  in  such  splice 
environments.  Tests  using  three  dual-coated  fibers  and  three 
tight-buffered  fibers  in  conjunction  with  two  common  index¬ 
matching  gels  resulted  in  only  two  cases  of  minor  swelling  and 
only  one  case  where  significant  swelling  and  cracking 
occurred.  Although  the  same  fibers  experienced  a  variety  of 
degradations  when  exposed  to  uncured  samples  of  three 
common  splice  adhesives,  even  a  modest  cure  of  the  adhesives 
was  sufficient  to  eliminate  these  interactions. 


INTRODUCTION 

Optical  fibers  are  typically  protected  from  environmental  and 
mechanical  stresses  by  polymeric  coatings  applied  during  the 
fiber  drawing  process.  Supplemental  protection  against  harsh 
environments  or  for  applications  involving  significant  fiber 
handling  is  :^ften  provid^  by  tight-buffer  layers  applied  in  a 
subsequent  manufacturing  operation.  However,  if  either  the 
integrity  of  the  coating  (and  the  buffer,  if  present)  or  its  bond 
to  the  glass  surface  is  degraded,  the  anticipated  protection  is 
compromised.  Water  (humidity)  or  other  agents  present  in 
the  environment  can  reach  the  glass  surface  and  attack  it, 
reducing  the  fiber's  strength  and  fatigue  resistance.  If 
mechanical  stress  or  chemical  attack  opens  the  coating  and/or 
buffer,  the  glass  fiber  can  be  exposed  to  abrasion  and  other 
wear  degradation  mechanisms.  In  previous  workl^I,  we  have 
shown  that  some  commonly-used  buffer  tube  gels  can  cause 
splitting  and  delamination  of  some  fiber  coatings  during  aging. 
In  optical  fiber  splices,  the  cut  ends  of  the  fiber  coatings  and 
tight  buffer  layers  may  be  immersed  in  index-matching  gels 
or  in  splicing  adhesives  that  have  not  been  completely  cured. 
In  such  situations,  splitting  and  delamination  similar  to  that 
experienced  in  buffer  tube  gels  might  be  expected  to  occur  in 
the  coating  and/or  tight  buffer  layers.  To  investigate  these 
potential  adverse  effects  on  the  reliability  of  optical  fiber 
splices  and  connectors,  we  performed  a  series  of  compatibility 
aging  tests  using  three  250  pm-diameter  coated  fibers  and 
three  900  pm-diameter  tight-buffered  fibers  in  conjunction 
with  two  index-matching  gels  and  three  UV-curable  splice 
adhesives.  All  of  the  fibers,  gels  and  adhesives  used  are 
commercially  available  products. 


In  the  following  section,  we  describe  the  preparation  of  the 
test  fibers  and  how  they  were  immersed  in  the  gel  or  adhesive. 
We  then  describe  the  tests  involving  the  gels  and  the  adhesives, 
including  the  analyses  used  to  characterize  these  materials 
chemically,  and  our  observations  and  measurements  of  any 
degradation.  Finally,  we  discuss  the  implications  of  our 
observations  and  how  they  relate  to  the  reliability  of  actual 
field  splices  and  connections. 

SAMPLE  PREPARATION 

Six  fibers  were  tested  in  combination  with  two  gels  and  three 
UV-curable  adhesives.  Three  of  the  fibers  had  polyurethane 
acrylate  coatings  from  different  manufacturers,  all  250  pm  in 
diameter:  these  are  identified  as  fibers  X,  Y  and  Z.  The  other 
three  fibers  had  additional  tight  buffer  coatings  900  pm  in 
diameter  made  of  polyvinyl  chloride  (PVC),  thermoplastic 
elastomer  (TPE),  or  nylon.  The  nylon-buffered  fiber  had  an 
intermediate  silicone-based  coating  400  pm  in  diameter.  The 
ends  of  all  fiber  lengths  were  mechanically  stripped  back  0.15 
-  0.30  cm  before  insertion  into  the  gel  or  adhesive  to  simulate 
the  actual  end  conditions  in  a  mechanicai  splice. 

Three  series  of  tests  were  performed.  In  the  first,  about  3.5 
cm  of  both  ends  of  three  fiber  lengths  of  each  type  were 
immersed  in  each  gel.  The  samples  were  aged  in  covered  petri 
dishes  to  minimize  the  evaporation  of  volatile  oils  at  elevated 
temperatures.  In  the  second  test,  the  uncured  adhesives  were 
poured  into  small  graduated  cylinders;  one  end  of  each  of  six 
lengths  of  each  fiber  type  was  immersed  about  0.6  cm  in  each 
adhesive.  The  cylinders  were  capped  with  aluminum  foil  to 
minimize  evaporation.  In  the  third  test,  each  partially-cured 
adhesive  sample  was  prepared  by  spreading  n  thin  layer  of 
adhesive  on  one  end  of  a  microscope  slide.  Three  lengths  of 
each  test  fiber  were  immersed  in  each  adhesive  to  a  length  of 
about  1.5-2  cm.  The  assemblies  were  exposed  either  to  a 
curing  dose  just  sufficient  to  form  a  flexible  bond  between  the 
fiber  and  the  glass  or  to  a  higher  dose  that  rigkfized  this  bond. 

TESTING  IN  GELS 

Gel  Characterization 

The  two  gels  were  analyzed  using  Fourier  transform  infrared 
(FTIR)  spectroscopy  to  identify  their  generic  chemical 
compositions  and  size  exclusion  chromatography  to  determine 
their  molecular  weight  distributions. 

The  FTIR  spectra  were  obtained  by  spreading  thin  films  of  the 
gets  on  KBr  crystals  which  were  inserted  in  a  Nicolet  10-DX 
FTIR  spectrometer.  The  spectrum  for  gel  #1  showed  that  it  is 
primarily  a  paraffin  oil-based  grease  with  a  silicate  additive. 
The  latter  is  probably  fumed  silica,  which  is  often  added  to 
such  gels  to  Improve  their  viscosity  properties.  The  spectrum 
for  gel  #2  showed  that  it  is  phenyimethyl  siloxane. 
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Molecular  weight  distributions  were  determined  with  a  Waters 
liquid  chromatography  system  using  100 A  and  SOOA 
ultrastyrrgel  columns  with  toiuene  as  the  mobile  phase. 
Alkanes  from  C-12  to  C-40  were  used  as  molecular  weight 
«tariuards.  Molecular  weight  averages  Mn  for  the  two  gels  are 
r  jen  in  Table  1.  Multiple  Mn  values  for  adhesives  A  and  B 
represent  the  average  numbers  for  the  multiple  peaks  in  the 
molecular  weight  distribution. 


Table  1 .  AVERAGE  MOLECULAR  WEIGHTS  OF  GELS  AND 
ADHESVES 

GEL  Of  ADHESIVE  MOLECULAR  WEIGHT  Mp 


Gel  #1 
Gel  #2 
Adhesive  A 
Adhesive  B 
Adhesive  C 


400 

1300 

1000,  2500 
500,  1000,  2300 
>  2500 


Aaina  Tests 

All  six  fiber  types  were  aged  in  each  of  the  two  gels  at  50°C. 
The  fibers  were  inspected  under  a  240/500X  stereo 
microscope  after  1,  2,  3,  5,  7,  and  10  days,  2  weeks,  3 
weeks,  and  4  weeks.  The  samples  were  then  aged  for  an 
additional  week  at  85°C.  No  noticeable  degradation  occurred 
during  the  entire  test  for  the  PVC  or  TPE  tight  buffered  fibers 
or  for  fibers  X  and  Z  of  the  250  pm  coated  fibers. 

When  the  900  pm  nylon- buffered  fibers  were  stripped,  0.03 
-0.10  cm  of  the  urethane  acrylate  and  silicone  inner  coatings 
typically  protruded  beyond  the  nylon  buffer.  By  the  end  of  the 
fourth  week,  the  inner  coatings  had  elongated  slightly  in  both 
gels  and  protruded  approximately  0.12-0.25  cm.  Additional 
aging  at  85°C  did  not  measurably  worsen  this  effect,  indicating 
that  a  steady  state  condition  had  been  reached. 

Fiber  Y  showed  no  noticeable  effects  during  the  50°C  aging  in 
either  get.  However,  the  coating  did  swell  and  crack  during  the 
final  week  of  aging  in  gel  #1  at  85°C.  In  order  to  determine 
whether  the  swelling  was  due  to  the  effects  of  cumulative  aging 
or  whether  it  was  a  threshold  effect  that  only  occurred  at 
higher  temperatures,  we  aged  new  samples  at  85°C.  Cracks 
developed  during  the  first  day  and  grew  rapidly,  indicating  a 
temperature  threshold  effect.  Figure  1  is  a  photograph  of  a 
typical  coating  crack. 


Figure  1 .  TYPICAL  COATING  CRACK  AFTER  IMMERSION  IN  GEL 

To  determine  the  threshold  temperature,  we  aged  a  number  of 
new  samples  of  fiber  Y  at  intermediate  temperatures.  Samples 
were  aged  tor  10  days  at  60°C  or  24  days  at  65°C  with  no  sign 
of  any  deterioration.  The  60°C  samples  were  then  aged  at 
70°C.  After  17  more  days,  two  small  cracks  finally  appeared. 
New  samples  placed  at  75°C,  however,  quickly  developed 
cracks  in  the  outer  primary.  As  shown  in  Figure  2,  these 
cracks  rapidly  propagated  along  the  fiber. 


Time,  Days 


Figure  2.  75°C  Aging  of  Fiber  Y  in  Gel  #1 

TESTING  IN  ADHESIVES 

AdhMivBfi  CharactorUation 

The  adhesives  were  characterized  using  FTIR  spectroscopy  and 
size  exclusion  chromatography  in  the  same  manner  as  was  done 
for  the  gels.  The  FTIR  sp^ra  showed  that  all  three  adhesives 
were  urethane-based  acrylates  —  the  same  basic  chemistry  as 
the  fiber  coatings  used  in  our  tests.  The  molecular  weight 
averages  for  the  three  adhesives  are  shown  in  Table  1. 

Aging  Tests 
Adhesive  A 

All  six  fibers  were  aged  in  adhesive  A  at  50°C  and  were 
inspected  (again  using  the  240/500X  stereo  microscope) 
after  1,  3.  5,  7,  and  10  days,  and  2,  3,  and  4  weeks.  The  900 
pm  tight  buffered  fibers  were  then  aged  for  an  additional  week 
at  OS'C.  The  PVC  and  TPE  buffered  fibers  developed  a 
yellow/brown  discoloration  of  the  buffer  during  the  first  few 
days.  The  discoloration  became  more  pronounced  as  the  aging 
continued,  but  there  was  no  swelling,  splitting,  or  cracking. 
The  nylon-buffered  fibers  showed  a  slight  elongation  of  the 
inner  silicone  and  primary  coatings  similar  to  that  seen  in  the 
gels.  The  additional  aging  at  85°C  did  not  appreciably  worsen 
any  of  these  degradations. 

Alt  of  the  250  pm  fibers,  however,  did  show  signs  of  serious 
deterioration  during  the  test  period.  Fiber  X  started  to  develop 
cracks  by  the  third  day.  By  the  end  of  the  fourth  week,  the 
coating  on  the  immersed  ends  of  two  samples  had  peeled  off 
when  they  were  gently  wiped  for  inspection.  Three  other 
samples  had  cracks  more  than  2.5  cm  long,  while  only  one 
coating  end  was  still  Intact.  The  average  crack  length  over 
time  is  plotted  in  Figure  3. 

The  coating  on  Ftoer  Y  began  to  soften  and  delaminate  after  only 
three  days  and  delaminated  along  the  entire  length  of  all 
samples  ir/  the  end  of  the  second  week.  The  test  was  terminated 
at  that  point. 
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Time,  Days 

Figure  3.  50°C  Aging  of  Fiber  X  in  Adhesive  A 


Fiber  Z  began  to  show  a  slight  flaring  of  the  coating  at  the 
immersed  ends  after  three  days.  After  three  weeks,  the  coating 
was  clearly  swelling,  but  no  cracks  developed  until  the  fourth 
week,  at  which  time  one  small  crack  was  oteerved. 

Adhesive  B 

AM  Six  fibers  were  aged  in  adhesive  B  at  50®C.  The  900  pm 
tight  buffered  fibers  were  inspected  after  1,  3,  5,  7,  and  10 
days  and  2,  3,  and  4  weeks.  They  were  then  aged  at  85°C  for 
one  additional  week.  The  PVC  and  TPE  buffer  layers  again 
showed  yellow/brown  discoloration  after  only  one  day,  but 
there  were  no  other  noticeable  effects  during  the  entire  test. 
The  nylon-buffered  fiber  again  showed  some  elongation  (0.03 
-0.10  cm)  of  the  inner  silicone  and  primary  coatings  by  the 
end  of  the  test.  Again,  the  85°C  aging  did  not  significantly 
increase  this  elongation. 

The  250  pm  fibers  did  show  significant  deterioration, 
however.  Cracks  started  to  develop  in  the  coating  on  the  Fiber 
X  samples  by  the  third  day.  After  four  weeks  of  aging,  all  the 
samples  had  cracks  longer  than  2.5  cm.  The  average  crack 
length  as  a  function  of  time  is  shown  in  Figure  4. 


The  coating  on  the  fiber  Y  samples  began  to  delaminate  by  the 
third  day.  The  coating  had  softened  and  delaminated  along  the 
entire  length  of  all  six  samples  by  the  end  of  two  weeks.  The 
test  was  terminated  at  that  time. 

One  of  the  six  samples  of  fiber  Z  developed  a  crack  in  the 
coating  by  the  third  day.  By  the  end  of  the  test,  two  fibers  had 
lost  a  section  of  the  coating  during  gentle  wiping  prior  to  the 
periodic  inspection.  Three  other  samples  had  cracks  about  1 .5 
cm  long. 

Adhesive  C 

Five  fibers  were  aged  in  adhesive  C  —  all  three  900  pm- 
diameter  tight  buffered  fibers  and  250  pm-diameter  fibers  Y 
and  Z.  All  were  aged  at  50°C  and  inspected  at  the  same 
intervals  as  the  other  adhesive  tests.  After  one  week,  the  TPE 
and  nylon  buffered  fibers  showed  no  change  from  their  initial 
state.  The  PVC  buffer,  however,  began  to  plasticize  after  one 
week,  i.e.,  it  softened  and  would  stretch  when  wiped,  then 
slowly  relax.  The  primary  coating  appeared  to  lose  its 
adhesion  to  the  glass  fiber.  By  the  second  week  of  the  test,  the 
TPE  buffered  fiber  began  to  show  similar  effects.  After  four 
weeks,  these  degradations  stabilized,  affecting  about  3  cm  of 
the  TPE  buffer  and  about  5  cm  of  the  PVC  buffer.  The  nylon 
buffered  fiber  remained  unaffected  throughout  the  test. 

Fiber  Y  showed  rapid  deterioration.  Delamination  began 
during  the  first  day.  By  the  end  of  the  second  week,  all  six 
fibers  had  delaminated  along  their  entire  length.  The  test  was 
terminated  at  this  point. 

Fiber  Z  also  deteriorated  rapidly.  After  only  one  day.  about 
1.2  cm  of  coating  stripped  off  all  six  fibers  during  gentle 
wiping.  By  the  end  of  the  first  week,  three  of  the  coatings  had 
stripped  back  almost  2.5  cm  and  were  no  longer  in  contact 
with  the  adhesive.  The  test  was  discontinued  at  this  point. 

Aging  in  Partially  Cured  Adhesives 

A  second  set  of  aging  tests  was  conducted  by  partially  curing 
the  adhesives.  These  tests  simulated  a  more  realistic  scenario, 
where  the  UV  adhesives  would  be  cured  enough  to  tack  the 
fibers  in  place  but  still  receive  much  lower  curing  doses  than 
recommended  by  the  manufacturers. 

Four  samples  each  of  fibers  Y  and  Z  and  of  the  nylon  tight 
buffered  fiber  were  tested  in  adhesives  A  and  B.  Fibers  Y  and  Z 
were  also  tested  in  adhesive  C. 

Thin  films  of  each  adhesive  were  deposited  on  glass  slides,  just 
thick  enough  for  the  coated  fibers  to  be  immersed  at  one  end. 
As  before,  about  0.3  cm  of  coating  was  removed  before 
immersion.  The  adhesives  were  then  partially  cured  to  'low' 
and  'high'  levels.  These  doses  were  selected  empirically  and 
varied  with  the  curing  speeds  of  the  different  adhesives.  Since 
curing  is  a  volume-dependent  phenomenon,  the  thicker  layers 
of  adhesive  necessary  to  immerse  the  900  pm  fibers  required 
higher  doses  for  both  cure  levels  than  the  layers  in  which  the 
250  pm  fibers  were  immersed.  Cure  doses  for  the  various 
combinations  of  adhesive  and  fiber  are  given  in  Table  2. 


T*le  2.  PARTIAL  CURE  DOSES  FOR  ADHESIVES  (mJ/cm2) 


250  urn  FIBERS 

900  urn  FIBERS 

ADHESIVE 

Low  Dose 

HiOllDPSfl 

Low  Dose 

High  Dose 

A 

130 

165 

325 

450 

B 

20 

28 

60 

150 

C 

1  3 

23 

— 

— 
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Typical  doses  recommended  by  the  manufacturers  for  complete 
curing  of  all  three  adhesives  are  greater  than  3000  mJ/cm^. 
However,  the  properties  of  completely  cured  adhesives  are 
approached  asymptotically  with  increasing  dose,  and  the 
manufacturer's  recommendations  are  conservative  to  ensure 
complete  cure.  The  fact  that  these  low  doses  were  adequate  to 
form  reasonably  strong  bonds  between  the  fibers  and  the  glass 
slides  indicates  that  significant  curing  occurred. 

The  test  samples  were  aged  at  50°C  and  were  examined  after 
intervals  as  in  the  other  tests.  No  noticeable  degradation 
occurred  for  any  fibers  in  either  adhesive  A  or  B.  Fiber  Y  also 
showed  no  reaction  in  adhesive  C.  Fiber  Z  showed  a  limited 
reaction  with  adhesive  C;  two  of  the  eight  immersed  fibers 
developed  0.03-0.1  cm-long  cracks  which  stopped  growing 
after  3  weeks  of  aging.  By  that  time  significant  changes  were 
observed  that  indicated  additional  curing  had  occurred  in  alt 
three  adhesives. 

Adhesives  A  and  B  skinned  over  during  the  UV  exposure,  but 
remained  somewhat  liquid  at  the  fiber-adhesive  interface.  The 
adhesives  continued  to  cure  slowly  during  aging,  becoming 
firm  by  the  end  of  the  test.  Their  surfaces  became  rippled  and 
dimpled.  Adhesive  C  had  a  more  uniform  consistency  after  the 
UV  exposure.  The  surface  was  soft  and  tacky;  touching  it  with 
a  probe  caused  dimples  which  disappeared  quickly  or  slowly 
for  the  low  or  high  partial  cure  level,  respectively.  As  aging 
progressed,  the  tackiness  disappeared;  all  samples  became 
firmer  and  the  dimples  took  longer  to  disappear. 


DISCUSSION 

In  view  of  the  differences  between  index-matching  gels  #1  and 
#2,  it  is  not  surprising  that  the  only  degradation  reaction 
found  to  occur  involved  gel  #1.  This  gel  is  composed  of 
hydrocarbon -based  oils  of  relatively  low  molecular  weight  — 
only  slightly  greater  than  those  found  in  [1]  to  cause 
delamination  and  cracking  of  some  fiber  coatings.  Gel  #2  is 
essentially  inert  in  contact  with  the  fiber  coatings  and  buffers, 
which  is  consistent  with  the  fact  that  it  is  derived  from 
silicone-based  oils  of  higher  molecular  weight.  The  fact  that 
only  one  of  the  three  coatings  tested  showed  any  interaction  is 
consistent  with  our  previous  results.  The  difference  in 
behavior  is  traceable  to  the  significant  differences  that  may 
exist  between  coatings  that  nonetheless  are  members  of  the 
urethane  acrylate  family.  Interactions  may  have  occurred 
with  the  inner  coatings  on  the  tight  buffered  fibers,  but  these 
were  not  visible  externally  due  to  the  constraining  nature  of 
the  buffers.  This  shows  the  protective  value  of  these  buffering 
layers,which  can  provide  an  additional  “line  of  defense”  for 
the  glass  fiber  against  chemical  attack. 

The  interaction  between  gel  #1  and  fiber  Y  clearly  has  an 
initiation  threshold  between  70°  and  75°C.  This  temperature 
represents  a  realistic  service  stress  level  for  splices,  since  it 
can  be  reached  in  pedestals  and  in  outdoor  equipment  cabinets 
with  active  electronics.!^)  An  aging  test  at  a  continuous 
tempera  ore  of  75°C  or  above  should  be  considered  to  assess 
the  cor  itibility  of  fiber  coatings  with  any  index-matching 
gel  or  S|  ce  adhesive  expected  to  see  senrice  in  this  typical 
field  environment. 

The  changes  seen  in  the  nyion  tight  buffered  fibers  are  not  a 
cause  for  concern.  The  swelling  of  the  inner  coating  layers  is 
quite  small.  Also,  this  swelling  stabilized  after  a  relatively 
short  period  of  aging;  even  additional  aging  at  85°C  did  not 
cause  further  degradation. 


The  issue  of  fiber, 'gel  compatibility  can  be  put  into 
perspective  by  one  last  item  of  data.  We  examined  the  index¬ 
matching  gels  from  seven  commercially  available  splices.  In 
all  cases,  they  were  similar  to  gel  #2  (silicone  oil-based, 
relatively  high  molecular  weight).  Since  these  represent  the 
overwhelming  majority  of  splices  used  in  the  field,  the 
likelihood  of  fiber  coating  degradation  is  minimal. 

It  was  expected  that  all  three  uncured  adhe'sives  would  induce 
degradation  reactions  in  all  three  fibers.  Both  the  fiber 
coatings  and  the  adhesives  are  urethane  acrylate  formulations, 
and  this  similarity  in  chemistry  means  that  the  uncured 
adhesives  can  act  as  solvents  for  the  fiber  coatings.  The 
plasticizing  of  the  PVC  and  TPE  tight  buffers  by  uncured 
adhesive  C  is  a  potential  problem,  since  these  physical  changes 
may  also  indicate  an  increased  susceptibility  to  other  types  of 
chemical  or  mechanical  attack.  However,  any  reaction  with  an 
uncured  adhesive  is  extremely  unlikely  to  occur  in  the  field, 
since  the  adhesive  must  be  at  least  partially  cured  during  the 
splice  assembly  to  provide  the  mechanical  integrity  necessary 
for  handling  and  storage  of  a  splice  in  an  organizer. 

Our  attention  therefore  focussed  on  determining  what  level  of 
cure  was  sufficient  to  eliminate  the  reactions  we  observed  in 
the  uncured  adhesives.  Provided  the  bond  between  the  fiber 
and  the  splice  sleeve  is  strong  enough  to  resist  at  least  modest 
pull-out  forces  on  the  fiber,  the  splice  assembler  may  accept 
the  splice  even  though  only  a  partial  curing  of  the  adhesive  has 
occurred.  We  therefore  experimented  with  different  curing 
doses  until  we  found  an  appropriate  dose  for  each  adhesive  that 
just  held  the  immersed  fiber  samples  in  place  (the  “low  dose" 
in  Table  2).  We  also  determined  a  second  dose  (the  “high 
dose”  listed  in  Table  2)  which  provided  a  rigid  bond  between 
the  fiber  samples  and  the  glass  slides  on  which  they  were 
mounted.  As  described  in  the  previous  section,  no  reactions 
occurred  with  either  fiber  Y  or  Z  in  either  adhesive  A  or  B  at 
either  cure  dose,  even  after  prolonged  high-temperature 
aging.  Very  small  cracks  did  develop  in  the  coating  on  fiber  Z 
when  aged  in  partially  cured  adhesive  C.  However,  these  are 
not  a  serious  concern  because  they  are  so  small  and  because 
they  stopped  growing  after  2—3  weeks.  Thermally-stimulated 
curing  occurred  in  all  three  adhesives,  as  evidenced  by  the 
changes  observed  in  the  samples  during  the  aging  test.  At 
higher  temperatures,  the  higher  thermal  acceleration  of  the 
crack  growth  is  offset  by  the  higher  rate  of  thermal  curing, 
while  at  lower  temperatures  the  lower  rate  of  thermal  curing 
is  compensated  by  the  lower  acceleration  of  the  crack  grovrth. 
Any  curing  dose  that  results  in  reasonable  bond  strength 
provides  sufficient  curing  of  these  adhesives  to  eliminate  any 
problems  of  chemical  interaction. 

SUMMARY 

Aging  tests  on  a  variety  of  250  pm  coated  and  900  pm  tight 
buffered  fibers  in  two  index-matching  gels  and  three  UV- 
curable  splice  adhesives  have  shown  that  only  limited 
compatibility  problems  exist.  Only  one  fiber  showed  a 
significant  reaction  with  one  of  the  gels,  and  a  check  of  seven 
widely-used  commercial  splices  indicated  that  the  gel  in 
question  was  not  used  in  any  of  them.  While  uncured  adhesives 
did  attack  fiber  coatings  due  to  their  similar  chemical 
formulations,  UV  curing  doses  of  10%  or  less  of  the 
manufacturer’s  recommendations  were  sufficient  to  eliminate 
the  problem.  Since  doses  of  at  least  this  amount  are  required 
to  ensure  adequate  mechanical  integrity  of  completed  splices, 
such  chemical  attack  is  extremely  unlikely  to  occur  in  the 
field.  Nonetheless,  where  chemical  incompatibility  is 
suspected  (such  as  fiber  Y  with  gel  #1),  an  accelerated  aging 
test  should  be  performed  to  ensure  that  no  interactions  occur 
that  adversely  affect  splice  reliability. 
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ABSTRACT 


The  strip  performance  of  a  fiber  optic  ribbon  is  de¬ 
termined  by  two  factors;  first,  the  construction  of 
the  ribbon,  which  includes  fiber  type,  fiber  coating, 
fiber  coloring,  ribbon  matrix  materiaUs)  and  pro¬ 
cessing  parameters;  and  second,  the  test  method. 
This  paper  will  deal  only  with  the  test  method.  The 
strip  force  of  a  particular  ribbon  is  affected  by  the 
stripping  speed,  clamping  force,  strip  tool  tempera¬ 
ture  and  strip  length  of  that  ribbon.  Another  aspect 
of  ribbon  stripping  that  should  be  considered  is  the 
cleanliness  of  the  fibers  after  stripping. 


4-fiber  and  8-fiber  ribbons  of  similar  construction 
(Figure  1)  and  processing  were  made  to  test  the  ef¬ 
fects  of  the  above  variables  on  strip  performance. 
The  data  confirms  the  hypothesis  that  all  factors  do 
affect  strip  performance  of  a  ribbon.  In  general,  a 
higher  strip  speed,  a  longer  strip  length  and  a  high¬ 
er  clamp  force  increase  peak  strip  force,  but  a  higher 
strip  temperature  decreases  peak  strip  force.  As  for 
fiber  cleanliness,  higher  strip  speed  and  higher 
clamp  force  result  in  better  fiber  cleanliness  rating, 
but  a  longer  strip  length  and  higher  tool  tempera¬ 
ture  result  in  a  worse  fiber  cleanliness  rating. 
Samples  that  are  stripped  manually  (by  hand)  have 
an  improved  fiber  cleanliness  rating  compared  to 
samples  stripped  by  machine. 

Outer  Ribbon 
Matrix 

4-Fiber  Ribbon  ^ ^  inner  Ribbon 

t  _ I — I  Matrix 


0.40 


- 1.10- 


I  Fiber  Coating  & 
'  Coloring 


[  j  Glass  Fiber 


Figure  1:  4-  and  8-Fiber  Ribbon  Construction 


NOMENCLATURE 


Strip  Force: 
Strip  Speed; 
Strip  Temp.: 
Clamp  Force: 


Fiber  Cleanliness: 


the  peak  force  required  to  strip 
a  fiber  ribbon  in  newtons 
the  speed  in  cm/mm  the  rib¬ 
bon  is  pulled 

the  temperature  in  degrees 
Celsius  of  the  strip  tool 
force  applied  to  the  heated 
strip  tool 

low:  less  than  1  newton 
medium:  approximately  20 
newtons 

high:  approximately  80  new¬ 
tons 

a  rating  given  to  the  stripped 
ribbon  based  on  how  clean  the 
fibers  are  after  stripping. 


5.0  =  Heavy  Residue 
4.0  =  H.  Medium  Residue 
3.0  =  S.  Medium  Residue 
2.0  =  Slight  Residue 
1.0  =  No  Visible  Residue 


fiber  will  not  wipe 
clean  with  alcohol 
3+  alcohol  wipes 
will  dean  fibers 
2  alcohol  wipes 
will  clean  fibers 
1  alcohol  wipe  will 
clean  fibers 


INTRODUCTION 


With  the  increased  use  of  optical  fiber  ribbons  for 
high  fiber  count  cables,  it  is  important  to  determine 
the  physical  properties  (attributes)  of  a  ribbon.  One 
very  important  attribute  of  an  optical  fiber  ribbon  is 
the  ability  to  remove  the  fiber  coating  and  ribbon 
matrix  to  expose  the  glass  fibers  (or  ribbon  strip¬ 
ping),  for  effective  multi-fiber  fusion  splidng. 

For  individual  fibers,  strip  force  is  spedfied  by  some 
customers  and  by  regional,  national  and 
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international  telephone  regulating  organizations 
(example:  Bellcore  in  the  U.S.A.).  For  example, 
there  is  TIA/FOTP  178  which  specifies  the  test 
method  for  a  single  fiber.  Presently  there  is  no  stan¬ 
dard  method  for  evaluating  the  strippability  of  a 
fiber  ribbon.  This  paper  is  intended  to  provoke 
thought  and  provide  information  for  a  possible 
standard  ribbon  strippability  test  method. 

Controls 


Experimental  Setup 

A  schematic  of  the  ribbon  strip  tester  is  shown  in 
Figure  2.  A  ribbon  sample  is  placed  in  the  ribbon 
holder  with  a  measured  amount  of  ribbon  to  be 
stripped.  The  heated  strip  tool  is  closed  and  the  ap¬ 
propriate  clamping  force  is  applied.  After  a  10  to  15 
second  heat  time,  the  run  button  is  pushed  and  the 
positioning  motor  moves  the  translation  stage  at 
the  preset  speed,  pulling  the  stripped  ribbon  out  of 
the  heated  strip  tool.  While  the  ribbon  is  being 
pulled  out  of  the  strip  tool,  an  analog  peak  force  in¬ 
dicator  records  the  peak  strip  force.  The  main  pa¬ 
rameters  that  affect  the  peak  strip  force  of  a  particu¬ 
lar  ribbon  are  the  ribbon  length,  strip  tool  tempera¬ 
ture,  stripping  speed  and  clamping  force.  To  deter¬ 
mine  the  effects  of  the  above  mentioned  variables, 
a  4-fiber  and  8-fiber  ribbon  of  similar  construction 
were  chosen  for  testing,  and  a  test  matrix  was  per¬ 
formed  that  included  all  possible  combinations  of 
the  following  settings  (Table  1): 

Strip  Speed  Strip  Length  Qamp  Force  Tool  Temp. 

Scm/min  5±05mm  low  90±5°C 

50cm/min  15±05mm  medium  (med)  IZCktS’C 

lOOcm/min  30±05mm  high  (hi) 

200cm/min 

Table  1:  Strip  Force  Matrix 


Making  all  possible  combinations  of  the  above 
yields  72  different  setups  for  each  4-anJ  8-fiber  rib¬ 
bon.  At  each  setup,  4  measurements  were  made, 
the  average  was  taken  as  the  result  for  that  setup, 
and  no  data  points  were  eliminated. 

Results  and  Discussion 


In  comparing  strip  force  within  a  parameter  (i.e.: 
clamp  force),  the  average  of  all  data  for  the  sub-pa¬ 
rameters  (i.e.:  low,  med,  hi)  was  used  and  a  t-test 
was  performed  at  a  99%  confidence  interval  to  test 
for  significant  differences.  This  is  a  widely  used 
method  in  design  of  experiments  and  results  in  an 
efficient  and  accurate  use  of  data. ’*2  Table  2  con¬ 
tains  the  average  strip  force  data,  calculated  t-values 
(t-cal.)  and  the  critical  t-values  (t-critical).  Values 
for  t-cal.  are  determined  by  equation  1.  For  all  cases, 
the  calculated  t-value  is  greater  than  the  critical  t- 
value  for  4-  and  8-fiber  ribbons.  This  indicates  the 
differences  in  average  strip  force  are  sigmficant  and 
not  due  to  random  error  at  a  99%  confidence  inter¬ 
val.  Also  interesting  to  note  is  that  the  average 
peak  strip  force  of  the  4-fiber  ribbon  is  almost  exact¬ 
ly  one  half  that  of  the  8-fiber  ribbon  peak  strip  force 
(10.6  N  vs.  21.1  N). 


IX1-X2 

S/^  Eq. 


Where:  Xi  =  data  average 

S  =  Standard  Deviation 
S(4-fiber  ribbon)=0.94  N 
S(8-fiber  ribbon)=1.54  N 
n  =  Sample  Size 


Parameter 

4-Fiber 

Ribbon 

8-Fiber 

Ribbon 

■ZS33 

W4;'1W 

■a 

Clamp 

tow 

msm 

KKKM 

msm 

EI3 

Force 

med 

BKl 

WliWM 

EO 

hi 

■HCT 

7.5 

U'lX’M 

ES 

5 

MM 

MCT 

mm 

NA 

ED 

1  5 

■eeb 

ED 

■iiXini 

30 

■m 

ED 

STRIP 

■na 

HE 

TEMP. 

■Kiiu»a 

1:TE» 

EEC 

5 

gjcKrB 

B3 

Strip 

50 

KEB 

lEEi 

WB 

Speed 

100 

■m 

mtJtm 

1^ 

■KKJl 

EEIOI 

mm 

nm 

EEl 

Table  2:  Strip  Force  Results  in  Newtons 

for  4-  and  8-Fiber  Ribbons. 
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Although  all  differences  are  statistically  significant 
at  the  99%  confidence  interval,  the  magnitude  of 
the  difference  is  the  real  issue.  If  the  change  from 
one  setting  to  another  setting  (i.e.:  low,  med,  &  hi 
clamp  force)  has  a  very  low  impact  ori  the  final  strip 
force  (i.e.:  less  than  5%),  then  it  could  be  argued  that 
any  of  these  settings  are  acceptable.  This  is  not  the 
case;  the  3  smallest  changes  are  6.4%,  10.8%  and 
11.8%  and  the  average  change  within  each  parame¬ 
ter  is  38.2%.  These  changes,  besides  being  statistical¬ 
ly  significant,  are  quite  large. 

In  both  the  4-  and  8-fiber  ribbon,  strip  length  has  the 
largest  effect  on  peak  strip  force.  Increasing  the  strip 
length  from  5  mm  to  15  mm  increases  the  force  by 
"80%;  from  15  mm  to  30  nun  the  force  increases  by 
"75%.  This  is  an  average  effect  of  .43  N/mm  for  4- 
fiber  ribbons  and  .93  N/mm  for  8-fiber  ribbons 
(note:  8-fiber  ribbon  force  is  approximately  twice 
that  of  4-fiber  ribbon).  The  effect  of  strip  tool  tem¬ 
perature  is  also  tire  same  for  4-  and  8-fiber  ribbons. 
An  increase  in  strip  temperature  of  30  °C  results  in 
about  a  20%  drop  in  strip  force  for  both  ribbon  types. 

The  effect  of  clamp  force  on  the  strip  force  of  a  4- 
fiber  ribbon  is  large  (32%  increase)  when  a  medium 
clamp  force  is  applied  as  compared  to  a  low  clamp 
force,  but  only  a  small  increase  in  strip  force  is  mea¬ 
sured  when  a  high  clamp  force  is  applied  (6%  in¬ 
crease).  For  the  8-fiber  ribbon  the  strip  force  increas¬ 
es  50%  for  the  medium  clamp  force  and  44%  for  the 
high  clamp  force.  One  would  expect  both  ribbons  to 
behave  similarly  for  this  parameter  (more  like  the 
8-fiber  ribbon);  that  is,  increasing  clamp  force 
should  cause  the  strip  force  to  increase  until  it  ap¬ 
proaches  the  break  strength  of  the  glass  fibers. 

Strip  force  for  both  ribbons  increases  with  increas¬ 
ing  strip  speed.  There  is  a  large  increase  in  strip 
force  when  the  speed  increases  from  5  cm /min  to 
50  cm/min  (30%  for  4-fiber  and  50%  for  8-fiber  rib¬ 
bons).  At  higher  speeds  the  force  continues  to  in¬ 
crease,  but  at  a  decreasing  rate  (Figure  3).  This  indi¬ 
cates  that  if  strip  speed  continues  to  increase,  at 
some  point  the  strip  force  will  level  out.  Also,  as 
the  strip  speed  approaches  zero,  it  approaches  a 
minimum  strip  force.  Again,  8-fiber  ribbon  strip 
force  is  approximately  twice  tliat  of  4-fiber  ribbon. 


Figure  3:  Strip  Force  vs  Strip  Speed 

for  Different  types  Ribbons 


The  cleanliness  of  a  ribbon  after  stripping  is  mainly 
controlled  by  the  clamping  force  (see  Table  3).  A 
low  clamp  force  always  yields  unacceptable  results 
(cleanliness  ratings  >  4.0),  for  both  4-  and  8-fiber  rib¬ 
bons.  On  4-fiber  ribbons,  the  ratings  improve  sig¬ 
nificantly  for  all  parameters  when  the  clamp  force 
is  increased  to  a  medium  level.  At  a  high  clamp 
force  the  4-fiber  ribbons  show  only  a  moderate  im¬ 
provement  over  the  medium  clamp  force.  The  8- 
fiber  ribbon  shows  only  a  slight  improvement  with 
the  medium  clamp  force,  but  with  the  high  clamp 
force,  the  rating  improve  significantly  for  all  pa¬ 
rameters.  Strip  length  slightly  affects  fiber  cleanli¬ 
ness  at  a  high  clamp  force,  has  no  effect  at  low 
clamp  force,  and  has  a  larger  effect  at  medium 
clamp  force.  Strip  speed  has  no  effect  on  fiber  clean¬ 
liness.  The  stripping  temperature  has  a  small  effect 
on  the  fiber  cleanliness  rating;  90°C  yields  cleaner 
fibers  than  does  120°C.  Overall,  the  main  parame¬ 
ter  that  affects  fiber  cleanliness  is  clamp  force. 


474  International  Wire  &  Cable  Symposium  Proceedings  1 992 


Parameter 

4-Fiber  Ribbon 
Clamp  Force 

8-Fiber  Ribbon 
Clamp  Force 

llg?l 

RIIg!l 

■aiam 

nitan 

luSSI 

5 

ESI 

nn 

■ra 

MUM 

Ba 

B»1 

MB 

IBM 

Bn 

EB 

WM' 

Kill 

MM 

wm 

■.HIM 

ma 

[Hnniillill 

5 

ED 

waa 

■^■«M 

EB 

Eini 

nn 

MUM 

EB 

EEI 

1I»M 

EO 

BB 

■.•■iM 

EB 

B1 

BEI 

MiMiM 

BiM' 

EB 

wu 

BB 

EB 

Bil 

tHigS 

MM 

KWil 

MM 

■ijul 

EB 

Table  3:  Fiber  Cleanliness  of 

Machine  Stripped  Ribbons 


After  all  the  machine  stripping  was  completed  for 
this  experiment,  the  ribbons  were  stripped  by  hand 
using  the  exact  same  strip  tool.  The  estimate  strip 
speed  of  hand  stripping  (by  this  operator)  is  in  the 
range  of  1000  -  1500  cm /min  and  the  clamp  force  is 
close  to  high  setting.  All  these  samples  (except  one) 
have  cleanliness  ratings  of  2  or  less  (Table  4).  These 
ratings  are  very  close  to  the  machine  ratings  at  the 
high  clamp  force. 


Temp. 

°C 

Length 

mm 

Ribbon 

Type 

Fiber 

Cleanliness 

90 

5 

4-FIBER 

1.0 

90 

1  5 

4-FiBER 

1.0 

90 

30 

4-FIBER 

2.0 

120 

5 

4-FIBER 

1.0 

120 

1  5 

4-FIBER 

2.0 

120 

30 

4-FIBER 

2.0 

90 

5 

8-FIBER 

2.0 

90 

1  5 

8-FIBER 

2.0 

90 

30 

8-FIBER 

2.0 

120 

5 

8-FIBER 

2.0 

120 

1  5 

8-FIBER 

2.0 

120 

30 

8-FIBER 

3.0 

Table  4:  Fiber  Cleanliness  of 

Hand  Stripped  Ribbons 


Conclusions 

The  strip  force  of  a  particular  ribbon  is  affected  by 
clamp  force,  strip  length,  strip  temperature  and 
strip  speed.  Fiber  cleanliness  is  mainly  affected  by 
clamp  force,  but  strip  speed  and  strip  temperature 
are  also  important  in  obtaining  clean  fibers.  In 
order  to  develop  a  standard  test  for  ribbon  strippa- 
bility  these  machine  parameters  (and  maybe  more) 
need  to  be  specified.  By  setting  a  standard  method, 
suppliers  and  manufactures  will  have  a  better  un¬ 
derstanding  of  what  the  customers'  requirements 
are  for  ribbon  strippability. 
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ABSTRACT 

A  miniature  optical  filter  that  can  be 
directly  connected  with  a  FC-type  connec¬ 
tor  has  been  developed.  It  is  composed  of 
two  elements^  that  is.  a  ferrule  and  a 
housing. 

In  fabrication,  a  bare  fiber  was  inserted 
in  the  ferrule  and  was  fixed  by  adhesive. 
Next/  both  fiber  ends  were  pol  ished.  and  a 
slit  was  formed  at  a  central  region  of  the 
ferrule.  A  filter  chip  that  was  a  dielec¬ 
tric  multi-layered  thin-film  filter  on  a 
glass  substrate.  was  inserted  into  the 
slit  and  the  ferrule  was  assembled  with  a 
hous i ng . 

The  device  assembly  was  adopted  a  plug- 
receptacle  type,  and  the  device  size  was 
only  10  mm  in  diameter  and  40  mm  in 
length. 

As  the  result,  the  average  insertion  loss 
was  0.9  dB.  and  good  performances  of  the 
mechanical  tests  were  obtained. 

This  device  is  not  only  applicable  to 
other  optical  filters,  such  as  LWPF  and  so 
on.  but  also  applicable  to  an  optical 
attenuator  . 

1.  INTRODUCTION 

With  optical  communications  systems 
increasingly  diversifying  and  more  sophis¬ 
ticating  in  their  function,  advances  are 
being  made  in  studies  and  practical  appli¬ 
cation  of  wavelength-division  multiplexing 
systems.  For  the  systems.  wavelength- 
selective  filters  are  essential  devices  to 
eliminate  extraneous  light.  The  paper  will 
describe  about  optical  fiber  devises  as 
wavelength-selective  filters.  to  which 
fi  Iter  embedded  technology  has  been  con¬ 
vent!  ona  My  applied. 

The  devices  with  embedded  filters  are 
literally  passive  devices.  in  which  a 
filter  having  the  specific  characteristics 
is  formed  onto  a  glass  chip  (filter  chip) 
which  is  then  embedded  in  the  fiber.  and 
followings  can  be  mentioned  as  their  fea- 
tu  res 

(1)  Fewer  components  mean  easier  assembly, 
and  lower  cost  and  higher  reliability 
than  previous  micro-optic  devices. 


(2)  Superior  connection  with  optical  fi¬ 
bers. 

(3)  The  technique  of  forming  of  a  slit  in 
a  single  optical  fiber  fixed  to  a  sub¬ 
strate  assures  that,  uni  ike  the  case  of 
butt  joints  between  two  optical  fibers, 
there  is  no  eccentricity  loss.  resulting 
in  lower-loss  devices. 

(4)  Depending  on  filter  characteristics, 
it  is  possible  to  obtain  devices  with  such 
functions  as  wavelength  separation  or 
polarization  separation 

For  an  instance,  optical  fiber  with  embed¬ 
ded  filter  is  a  very  simple  case  of  the 
application  of  this  technology.  However, 
the  optical  fibers  require  a  certain  space 
when  they  are  set  in  an  equipment,  because 
pigtails  have  to  be  drawn  out  from  them. 

Consequently,  the  development  was  made  on 
a  '.lug-type  miniature  filter  that  further 
enhanced  handling  characteristics  and 
capable  of  directly  interfit  to  a  connec¬ 
tor.  with  the  application  of  f i  I  t e r - emb ed - 
ded  technology.  The  paper  will  report  the 
results  of  the  development. 

2.  Structure  and  Manu f ac t u r e i n g  Method  of 
Developed  Plug-Type  Miniature  Filter. 

Fig.1  shows  the  structure  of  the  minia¬ 
ture  filter. 

The  filter  is  composed  of  two  elements.  a 
housing  and  a  special  ferrule.  The  latter 
have  Zr02  parts  at  both  ends  of  it.  and 
small  holes  for  injecting  adhesive  in  its 
center  part. 

The  ferrule  is  fixed  with  adhesive  after 
an  optical  fiber  is  penetrated  through  its 
inside  and  then  the  both  ends  of  the 
optical  fiber  are  polished  (R20-  PC  pol¬ 
ish).  A  slit  is  formed  on  its  center  part 
by  a  dicing  saw  and  a  dielectric  multi¬ 
layered  thin-film  filter  chip  is  inserted 
and  fixed  to  the  slit.  Additionally.  at 
this  time,  we  used  a  standard  single-mode 
fiber  and  SWPF  (short  wavelength  pass 
filter)  that  is  usually  used  for  single 
mode  transmission.  Also  filter  chip  inser¬ 
tion  angle  was  selected  8  to  prevent  re¬ 
flective  light  and  the  slit  width  was  set 
at  35  urn.  Besides  those  terms,  one  end  of 
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the  housing  is  a  plug  type  and  the  other 
end  is  receptacle  type.  The  size  of  the 
filter  is  as  small  as  10  mm  in  diameter 
and  40  mm  in  length. 

The  manufacturing  processes  of  the  filter 
are  as  follows. 

( 1 )  Fixing  the  fiber 

(2)  Pol i sh i ng 

(3)  Slit  forming 

(4)  Inserting  and  fixing  the  filter  chip 

(5)  Assemb  I  i ng 


3.  Characteristics  of  The  Filter 

The  wavelength  characteristic  of  the 
filter  is  shown  in  Fig.  2.  The  figure 
clearly  proves  that  filter  transmits  1.31 
urn  wavelength  with  about  20  %.  loss  and 
shuts  off  1.55  urn  wavelength/  reflecting 
faithfully  the  characteristics  of  used 
filter  chip. 

As  for  the  insertion  loss/  the  radiation 
loss  value  a  due  to  a  gap  between  optical 
fibers  can  be  calculated  by  Equation  (t)/ 
when  single-mode  fibers  are  butt  spliced 
one  ano  ther  . 


a=101og  (1+ ( 2)  [dB]  (1) 
where: 

A  is  the  wavelength 
S  is  the  gap  between  optical  fibers 
n  is  the  index  of  refraction 
CO  is  the  lode  field  radius 


According  to  the  equation/  the  radiation 
loss  is  about  0.2  dB  at  the  slit  width  of 
35  urn.  The  value  of  the  insertion  loss  at 
the  filter  embedded  element  is  expected  to 
be  about  0.4  dB.  The  additional  losses 
are  the  increase  loss  due  to  the  tolerance 
of  the  slit/  the  absorption  loss  of 
adhesive  and  so  on.  When  splicing  loss  at 
both  ends  of  the  ferrule  element  is  added 
to  the  above  loss  values/  the  total  inser¬ 
tion  loss  is  expected  to  be  about  1  dB. 
The  average  insertion  loss  of  this  filter 
was  0.9  dB  (at  1.31  urn)/  showing  that 
nearly  expected  result  was  obtained.  The 
value  of  the  insertion  loss  was  also  over 
50  dB/  a  favorable  figure/  at  the  1 .55  urn. 
The  amount  of  reflective  attenuation  is 
more  than  25  dB/  showing  that  reflection 
at  the  both  ends  of  the  PC  connector  are 


more  dominant.  From  this/  it  is  expected 
that  the  reflection  at  the  filter  is  very 
sma I  I  . 

4.  Reliability 

Heat  cycle  test/  vibration  test  and 
impact  test  were  conducted  to  test  the 
reliability  of  the  sample.  The  test  re¬ 
sults  are  shown  in  Table  1.  The  favorable 
result  of  a  loss  fluctuation  range  of  -0.1 
dB  was  obtained  at  both  vibration  and 
impact  test.  The  loss  fluctuation  range  of 
less  than  0.4  dB  was  obtained  at  the  heat 
cycle  test.  But  the  result  can  be  consid¬ 
ered  reasonable/  because  loss  fluctuation 
of  three  parts/  two  splicing  points  of  a 
connector  and  the  f i  Iter/  is  added  to  the 
original  loss  fluctuation. 

5.  Practical  Application 

The  fol  lowing  are  some  examples  of  prac¬ 
tical  application  of  the  miniature  filter 
that  was  developed  this  time. 

(1)  Full-reflective  edge: 

Fu I  I - r e f  I  ec t i V e  edge  is  obtained  by  making 
sold  deposit  on  one  end  of  the  special 
ferrula.  As  for  its  practical  use/  it  is 
applied  to  a  referenoe  measurement  of 
return  loss  of  various  optical  devices. 

(2)  An t i - re f I ec t i ve  edge: 

Ant i -ref  I ect i ve  edge  is  obtained  by 
oblique  angle  polish  of  one  end  of  the 
special  ferrule  and  is  used  for  anti- 
reflective  treatment  of  2x2  couplers. 

6.  Summary 

Development  was  made  on  a  miniature 
filter  that  embedded  a  filter  chip  in  a 
single  mode  fiber.  The  filter  obtained 
favorable  results  at  both  initial  charac¬ 
teristic  test  and  reliability  test. 

It  is  possible  to  apply  the  filter  not 
only  to  other  filters  (such  as  LWPF)  but 
also  to  light  attenuation  devices.  The 
filter  also  makes  it  possible  to  realize 
other  structure  such  as  plug-plug  type/ 
receptacle-receptacle  type. 
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Fig.  1  Scheniatic  diagram  of  miniature  optical  filter. 


Fig. 2  Wavelength  characteristics 

of  a  ainiature  optical  filter 


Table  1  The  result  of  reliability  test. 
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(4)  Inserting  and  fixing  the  filter  chip 


filter  chip 

Fig. 3  Process  for  fabricating  a  ainiature  optical  filter 
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Loss  vsristion:S0.1[dB] 
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tO~5SHz/ain,  l.5ea,6hr 

No  physical  daaate 

Heat  cycle 

-30~70'C/6hr,20cycle 

Loss  varistion:S0.4Cd6] 
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optical  fiber 


Au-thin  filB 


Fig. 4  Structure  of  ferrule  for  full-reflective 


resin 


optical  fiber  angled  polishing(8‘  ) 

Fig. 5  Structure  of  ferrule  for  anti-reflective 


Photo. 1  Miniature  full-reflective  edge  Photo.2  Miniature  optical  filter 

(Anti-reflective  edge)  (fro*  toP  :plug-receptacle  type 

plug-plug  type 
receptacle-receptacle  type) 
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Abstract 

A  new  installation  technology  u.sing  spiral  airflow 
to  control  turbulence  has  been  enabled  optical  fibers  and 
cables  to  be  installed  in  conduits  6~150  mm  in  diameter 
over  distances  much  longer  than  achieved  with  conven¬ 
tional  systems.  With  this  new  system,  a  2  mm  optical 
fiber  has  been  successfully  blown  through  a  1500  meter, 
6  mm  diameter  tube  coiled  in  a  drum.  In  the  process  of 
laying  a  12  mm  optical  cable,  a  10  mm  pulling  rope  was 
passed  through  a  1200  meter,  80mm  diameter  conduit. 
The  spiral  generator  constructed  with  a  single  device,  or 
combination  of  devices,  each  consisting  of  a  conical 
cylinder  with  an  annular  slit,  produces  a  highly  focussed, 
stable  airflow  which  increcises  the  drag  force  on  the  fiber 
and  reduces  scraping  against  the  conduit,  enabling  instal¬ 
lation  over  long  distances. 

1.  Introduction 

To  keep  up  with  today’s  high-speed,  high-volume 
information  transfer  needs,  optical  cable  and  fiber  instal¬ 
lation  technology  must  be  reliable,  efficient  and  easy  to 
use.  Thus,  the  motivation  in  developing  this  new  spiral 
airflow  installation  technology  was; 

1)  To  efficiently  install  optical  fibers  over  long  dis¬ 
tances,  taking  into  account  the  specific  characteris¬ 
tics  of  optical  fiber. 

2)  To  enable  the  installation  of  additional  cables  in 
existing  conduits. 

2.  Installation  Trial 

Experiments  were  conducted  in  order  to  test  the 
technique’s  performance  and  to  study  the  installation 
effects  on  fiber  and  cable. 


.111 


Fig.l  Conventional  System 


Fig.2  New  System 


2.1.  Optical  Fiber  Installation  in  Tubes 

At  present,  the  only  device  available  for  optical 
fiber  installation  is  the  one  developed  by  BT'’^*.  As 
illustrated  in  Fig.l,  the  conventional  system  is  designed 
with  a  pair  of  rubber  wheels  inside  the  device's  pressur- 
i’^ed  metal  block.  The  optical  fiber  is  fed  through  a 
hypodermic  needle  with  these  wheels,  and  then  blown 
into  the  tube  by  compressed  air.  Since  the  airflow  in  the 
block  is  not  controlled,  back  presure  develops  requiring 
the  seal  to  withstand  the  resulting  back  flow  as  well  as 
fiber  friction.  The  wheels  help  to  minimize  the  fiber 
scraping  caused  by  turbulence  and  the  friction  of  the 
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fiber  against  the  seal.  However  in  order  to  accomplish 
this,  the  wheels  must  be  placed  inside  the  pressure  block, 
otherwise  the  fiber  would  scrajie  against  the  tube  wall. 

In  the  new  system  as  shown  in  Fig. 2,  fluid  dynamic 
control  and  an  improved  sealing  method  enable  the 
wheels  to  be  installed  outside  the  pre.ssure  block  thereby 
simplifying  the  new  device  and  making  it  more  efficient. 
The  wheels  lead  the  fiber  into  the  Coanda  spiral  unit^', 
then  the  fiber  is  blown  with  a  spiral  airflow.  The 
inherent  characteristics  of  the  fluid  dynamic  control 
achieved  with  a  spiral  flow  help  to  overcome  the  major 
drawbacks  of  the  conventional  system.  The  back  flow  is 
prevented  by  the  Coanda  effect,  and  even  if  back  pres¬ 
sure  develops  (i.e.,  when  installing  over  long  distances), 
the  labyrinth  effect  seals  against  this  flow  without  the 
friction  problems  of  the  conventional  mechanical  sealing 
method  (hypodermic  needle).  The  result  is  a  highly  effi¬ 
cient  process  for  installing  optical  fiber. 

Experiments  with  long,  6  mm-diametcr  tubes, 
coiled  and  varied  to  lengths  1000  and  1500  meters,  were 
performed  to  test  the  passage  of  a  2  mm-diameter  optical 
fiber  weighing  2.0  g/m.  Airflow  was  generated  by  both 
the  spiral-flow  device  and  a  simple  constant-diameter 
turbulent-flow  entrance  conventional  device.  The  pres¬ 
sure  in  the  tube  was  rai-sed  to  800  KPa-gage  and  average 
pipe  flow  velocities  of  47  m/s  and  30  m/s  respectively, 
developed  at  the  tube  outlets,  corresponding  to  pipe- 
diameter  Reynolds  numbers  of  1.9  xlO"*  and  1.2  xio'. 

With  the  normal  turbulent  flow,  the  fibers  did  not 
blow  through,  but  rather  scraped,  and  became  trapped 
inside  the  tube.  In  contrast,  u.sing  the  spiral  flow  device, 
a  fiber  was  ea.sily  blown  through  a  6  inin-diameter  rolled 
tube  over  distances  of  1500  meters.  Ba.sed  on  the  aver¬ 
age  of  10  measurements,  it  took  only  30  minutes  to 
install  fibers  in  1000-meter  tubes,  and  90  minutes  for  the 
1500-meter  tubes. 


2.2.  Multiple  Cable  installation  Over  Long  Distances 

Multiple  cable  installation  technology  should  be 
developed  from  the  viewiioint  of  more  effectively  utilizing 
existing  conduits.  A  conventional  multiple  installation 
system,  which  can  only  install  additional  cables  over  a 
maximuin  250  meters,  is  not  .satisfactory  for  installing 
cables  through  a  long  conduit.  Using  the  new  spiral  air¬ 
flow  technology,  cables  have  been  installed  in  existing 
< omluit  1200  meters  long. 

The  conventional  cable  installation  method  using 
com|)res.sed  air  involves  four  steps: 

( 1 1  Purging  water  and  mud. 

(2)  Blowing  a  lead  rope. 

(3)  Installing  a  pulling  roiie. 

(4)  Installing  a  cable  with  the  pulling  rope. 

There  are  several  drawbacks  of  this  conventional 
method  In  step  (1)  the  water  and  mud  cannot  be 
purged  completely,  thus  the  installation  process  is  rarely 
smooth.  To  accomplish  step  (2).  a  pig  (or  parachute)  is 
attached  to  the  end  of  the  lead  rope  and  blown  through 
the  conduit  (with  the  nozzle  sealed  at  its  entrance)  by  a 
large  quantity  of  comjire.s.sed  air.  Unfortunately,  this 
process  limits  the  installation  distances,  often  causes  the 
rope  to  violently  fly  out  of  the  conrluit  due  to  the 
extremely  high  air  pressure  develojung  in  the  sealed  con¬ 
duit  and  may  cause  the  lead  rope  to  entangle  with  the 
existing  cables  making  additional  installation  impossible. 

With  the  new  spiral  flow  installation  nozzle  as 
.shown  in  Fig. 3,  water  and  mud  are  purged  completely, 
the  pulling  rope  can  be  installed  without  a  lead  rope 
(thus  eliminating  step  (2).  above),  and  the  pulling  rope 
does  not  become  entangled  with  the  existing  cables. 

Experiments  with  80  mm-diametcr  conduit  over 
distances  of  1122  meters  were  performed  to  test  water 
removal  and  the  passage  of  a  flat  tape  (width,  12  mm: 
thickness.  2  mm:  weight.  17g/iii)  to  pull  additional  12 
inni  diameter  rabies.  Airflow  was  generated  by  either 
the  spiral  flow  device  or  a  simple  constant -diameter 
turbulent-flow  entraiire  device.  The  pressure  of  spiral 
nozzle  tube  was  rai.sed  to  500  KPa-gage.  and  an  average 
pi|>e  flow  velocity  of  IG  m/s  developed,  corresponding  to 
a  pipe  diameter  Reynolds  number  of  8.5x10'*. 

The  spiral  flow  pushed  the  rope  through  the  pipe 
much  faster  than  the  conventional  turbulent  flow  did. 
Pa.ssing  a  rope  through  the  conduit  in  only  6  minutes. 
In  contrast,  installation  was  unsuccessful  using  the  con¬ 
ventional  turbulent  flow  which  is  only  capable  of  instal¬ 
ling  flat  tape  over  distances  of  up  to  100  meters. 
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Fiber  Motion  in  Turbulence  Fiber  Motion  in  Spiral  Flow 

Fig.4  Rope  and  Fiber  Motion 


Turbulence  Spiral  flow 

Fig.5  Radial  Fluctuation  Visualization 


3.  Spiral  Air  Flow  —  Installation  Efficiency  and  Control 

Installation  efficiency  is  cletennined  by  the  drag 
force  of  the  airflow  on  the  fiber  or  rope  and  the  friction 
of  the  fiber/rope  against  the  inner  conduit  wall.  A 
greater  net  force,  i.e.,  a  large  drag  force  and  a  small  fric¬ 
tion  force,  results  in  higher  installation  efficiency. 

These  forces  are  dependent  on  the  location  in  the 
conduit.  In  the  first  part  of  the  conduit,  the  airflow 
velocity  is  low  and  the  drag  force  is  small,  therefore  the 
friction  must  be  reduced  to  increase  efficiency.  The 
highly  stable,  sharply  focused  sjiiral  airflow  positions  the 
fiber/rope  to  the  center  axis'*',  thereby  decreasing  con¬ 
tact  with  the  conduit  wall  and  increasing  the  drag  force. 

In  the  latter  part  of  the  conduit,  the  higher  velo¬ 
city  airflow  increases  the  drag  force  enough  that  even  if 
the  fiber  or  rope  does  scrape  against  the  conduit,  the 
installation  process  is  not  affected.  Therefore,  improving 
efficiency  is  dependent  on  the  airflow  control  in  the  first 
part  of  the  conduit;  the  spiral  flow  breakdown  in  thi 
latter  part  of  the  conduit  does  not  influence  the  installa¬ 
tion  efficiency. 

Purging  stagnant  water  and  mud  from  the  conduit 
is  an  important  task  when  installing  multiple  cables.  A 
simple  turbulent  airflow  cannot  completely  clear  out  all 
of  the  water  and  mud.  Although  various  modifications 
of  conventional  methods  have  been  tried  without  success, 
the  spiral  flow  has  proven  to  work  perfectly,  completely 
purging  all  water  and  mud. 

Visualization  during  testing  has  revealed  that  this 
ordered  airflow  blows  the  fluid  and  debris  in  a  spiral 
motion  up  toward  the  top  of  the  conduit,  and  as  it  drojis 
down  toward  the  center  axis,  it  is  purged  out  by  the 
main  axial  flow.  Thus  the  characteristic  spiral  motion  of 
the  airflow  is  the  key  element  in  complete  purging. 


4.  Fiber  and  Rope  Motion  in  Both  Flows 

To  .study  the  influence  of  instability  on  filier 
motion,  both  the  turbulent  and  the  spiral  flow  were 
tested. 

Figure  4  shows  the  fiber  and  rope  motions  at  a 
mean  air  velocity  15  ni/s.  The  spiral-flow  device  focuses 
and  orients  the  fiber  near  the  axis,  greatly  reducing  its 
friction  against  the  tubes  walls^’.  However,  in  the  tur¬ 
bulent  tube  flow,  the  fiber  undergoes  irregular  transverse 
vibrations,  forming  a  wave  which  scrajics  against  the 
tube  walls  and  fails  to  blow  through. 

By  visualizing  the  rope  motion,  it  could  be  seen 
that  the  spiral  flow  caused  the  rope  to  rotate  around  the 
axis,  and  form  a  sine  curve  with  the  same  jiitcli  when 
viewed  from  the  side  of  the  conduit.  In  turbulent  flow, 
the  rojie  exhibited  an  intense  vibration  phenomeiiou 
towards  the  radius  of  the  conduit  which  aiijieared  to  be  a 
self-induced  vibration.  Looking  at  the  photograph  of  tin- 
side  of  the  conduit,  a  sawtooth  waveform  was  clearly 
observed. 

To  gain  more  insight  into  the  success  of  the  spiral- 
fiow  device,  both  turbulence  measurements  and  flow 
visualization  were  carried  out.  Figure  5  shows  jet-flow 
structure  sequence  pictures  taken  at  1/CO  second  inter¬ 
vals  visualized  with  a  la.ser  sheet  placed  parallel  to  aiul 
through  the  jet  axis.  The  spiral-flow  jet  was  tightly 
formed  and  stable,  while  the  normal  turbulent  jet's  velo¬ 
city  fluctuated. 

Fluid  instability  causes  fiber  vibration  in  the 
conduit  s  radial  direction  and  leads  to  an  increa.se  in  the 
friction  between  the  fiber/rojie  and  the  conduit. 
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Fig.6  Force  Acting  on  Rope 


Fig.7  Numerical  Approximation  of  a  for  t 


5.  The  Net  Force  for  Installation 


The  installation  efficiency  is  determined  by  the 
drag  force  and  the  friction  force.  The  drag  force  arises 
from  the  friction  between  the  fluid  and  the  fiber  or  rope, 
and  is  the  motive  force  for  blowing  the  fiber  or  rope 
through  the  conduit.  The  friction  between  the  conduit 
wall  and  the  fiber  or  rope  impairs  installation. 

This  friction  is  particularly  important  in  the  first 
part  of  the  conduit  where  the  drag  force  is  small.  For 
successful  installation,  the  friction  must  also  be  small. 
To  examine  the  fiber  or  rope  vibration  in  the  first  part  of 
conduit  which  decreases  efficiency,  the  ability  to  position 
the  fiber  or  rope  to  the  conduit  center  due  to  the  oscilla¬ 
tion  caused  by  the  fluctuating  velocity  has  been 
analyzed.  The  following  assumptions  were  made; 


(1)  Only  the  force  due  to  the  axial  velocity  is  con¬ 
sidered;  the  others  are  ignored. 

(2)  The  axial  velocity,  from  the  experimental  results,  is 
given  by 

V.  =  +  Bsiaujt  (1) 

The  force  acting  on  the  normal  line  of  the  fiber  or 
rope:  (as  shown  in  Fig.6),  and  the  acceleration  are 
obtained  as  follows: 


F„  =  pWj^Wsin^Q  =  (2) 


s  dt 


da 

dt 


(3) 


The  equation  of  motion  from  Eqs.(2)  and  (3)  is 
given  as 


d^a 

dt^ 


Uj^sin^a 


(4) 


Equation  (4)  is  expressed  by  substituting  Eq.(l) 
into  Eq.(4)  as. 


JJ 

=  - sin“Q(t).  Bsinut)" 

m. 


(5) 


Equation  (5)  is  rearranged  as. 


v.~t~  v.B 

a  =  arcsin  ’ 

Coexp 

sinitjf 

I  2  ^2 

The  numerical  approximation  of  q  for  t  is  shown  in 

Fig.7. 

Equation  (6)  indicates  that  the  spiral  flow  tends  to 
position  the  fiber  or  rope  to  the  conduit  center  with  less 
vibration  than  turbulent  flow  thereby  reducing  contact 
with  conduit  wall  and  resulting  in  highly  efficient  instal 
lation.  This  approximation  was  in  agreement  with  the 
observed  results. 


6.  Conclusion 


A  high  performance  apparatus  for  installing  optical 
fiber  and  cable  has  been  developed.  With  this 
apparatus,  a  2  mm-diaineter  optical  fiber  was  blown 
through  a  6mm-diameter  rolled  tube  over  a  distance  of 
1500  meters,  which  is  longer  than  the  700  meters 
achieved  by  the  best  conventional  techniques.  In  the 
process  of  laying  a  12  mm-diameter  optical  cable,  a  10 
mm-diameter  pulling  rope  was  passed  through  a  1200 
meter,  80  mm-diameter  conduit.  Furthermore,  with  the 
new  system,  the  conduit  is  completely  purged,  fewer 
operational  steps  are  required,  the  same  device  can  be 
used  for  all  steps,  and  the  cable  replacement  technique  is 
easy  and  safe.  This  efficient  installation  is  achieved  by 
the  ordered  structure  of  a  spiral  flow  and  the  Coanda 
effect. 
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ABSTRACT 

A  fiber  optic  cable  monitoring  system  has  been 
developed  for  use  on  all  dielectric  cables. 

Operating  over  a  single  mode  fiber,  the  system 
monitors  and  provides  early  warning  of 
microbending  and  macrobending  optical  loss 
increases  which  are  the  result  of  changes  in  or 
damage  to  the  cable  structure. 

Using  a  special  moisture  detection  tape  and 
digitally  coded  electronic  sensors  coupled  to  the 
monitoring  fiber,  the  system  uniquely  identifies 
and  monitors  individual  splice  closures. 

The  first  of  such  systems  was  deployed  on  a  95.5 
km  intra-provincial  fiber  optic  cable  route  in 
Manitoba  Canada. 


INTRODUCTION 

Cable  monitoring  systems,  which  provide  early 
warning  of  cable  damage  or  leaking  splice 
closmes  have  been  previously  reported^-^.  These 
monitoring  systems  provide  splice  closure 
monitoring  and/or  sheath  damage  detection  by 
operating  over  metallic  elements  such  as  a 
copper  pair  or  cable  armor. 

For  certain  fiber  optic  cable  applicatioi\s,  such  as 
inclusion  in  overhead  power  transmission  static 
wires,  or  when  suspended  below  or  with  phase 
conductors  on  transmission  towers,  fiber  optic 
cables  are  constructed  using  non-conductive  cill- 
dielectric  strength  members  and  protective 
sheaths.  As  a  result,  cable  and  splice  monitoring 
methods,  which  require  a  metallic  electrical 
conductor  element  can  not  be  applied. 


In  an  effort  to  provide  optical  loss  and  moisture 
monitoring  OTDR  techniques  have  been 
proposed^.  However,  in  practical  applications, 
OTDR  methods  require  optical  switching 
equipment  to  time  share  the  system,  operate  only 
over  spare  fibers,  do  not  work  with  optical 
coupler  power  splitting  or  WDM  arrangements. 
Additionally,  to  detect  water  penetration  into  a 
splice  closure,  the  OTDR  technique  requires  a 
special  moisture  sensitive  fiber  bending  device  to 
induce  a  macrobend  loss  which  must  then  be 
located. 

An  optical  monitoring  system  was  developed  to 
continuously  monitor  the  performance  of 
selected  single  mode  fibers  and  to  relate  that 
performance  to  the  overall  cable  condition. 
Additionally,  a  novel  splice  moisture  sensor  was 
designed  to  uniquely  identify  and  monitor  the 
condition  of  the  splice  closures. 


FIBER  LOSS  MECHANISMS 

As  shown  in  Figme  1,  microbending  related  loss 
increases,  which  are  caused  by  high  frequency 
mechanical  bend  perturbations  with  radii  in  the 
nanometer  ramge,  are  relatively  independent  of 
wavelength  over  the  optical  spectrum  from  1300 
to  1550  run. 

Microbending  loss  increases  can  usually  be 
attributed  to  temperature  dependent  cable 
and/or  coating  problems,  external  forces  which 
crush  the  cable  structure  or  excessive  tensile 
stain  which  forces  the  fiber  against  ttre  sides  of 
the  buffer  tube  or  strength  elements. 
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DESIGN  OBJECTIVES 


Wavelength  (nm) 

Figure  1:  Single-Mode  Loss  Mechanisms 


Loss  increases,  which  occur  predominantly  at 
longer  wavelengths,  including  1550  nm,  are 
caused  by  macrobending  and  are  usually  the 
result  of  a  tightening  of  the  fiber  bend  radius 
below  acceptable  limits. 

Macrobending  losses  can  occur  inside  of  a  splice 
closure  if  movement  occurs  or  is  caused  which 
forces  the  fiber  into  a  tighter  bend. 

Macrobending  loss  can  also  occur  in  the  cable  if 
the  structure  shifts  through  thermal  or  tensile 
loading.  The  differenticil  movement  of  the  cable 
sheath  and/or  strength  members  can  cause  a 
pull-  back  which  bucldes  the  fiber  elements  into  a 
tighter  radius. 

This  problem  is  most  evident  at  the  cable  ends, 
especicdly  at  splice  points,  where  the  mechanical 
continuity  is  interrupted  and  coupling  of  the 
sheath  and  fiber  elements  to  the  antibuckling 
members  is  weakest. 


In  developing  an  optical  monitoring  system 

several  design  criteria  were  identified: 

•  Single  mode  fiber  should  be  monitored  for 
both  microbending  and  macrobending  losses 
to  provide  insight  into  loss  mechanism. 

•  Splice  closures  should  be  monitored  with  a 
digitally  coded  sensor  and  moisture  detection 
tape. 

•  The  optical  attenuation  measurement  system 
should  have  a  wide  dynamic  range  with  high 
stability. 

•  Where  no  spare  fiber  is  available,  the  system 
should  operate  over  a  "working"  fiber 
without  interference. 

•  The  system  design  should  allow  simultaneous 
monitoring  of  several  cable  systems. 

•  The  optical  monitoring  system  should  be 
plug-in  compatible  with  an  existing  2000 
Cable  Monitoring  System  (CMS)  in  use  by 
several  major  telcos  in  Canada. 


To  meet  the  outlined  requirements,  it  was 
decided  to  use  a  dual  wavelength  modulated 
laser  source.  The  basic  monitoring  system  is 
shown  in  Figure  2.  At  the  transmitter  end,  lasers 
were  chosen  with  operating  wavelengths  of  1300 
and  1550  nm.  The  dual  wavelength  source 
provides  a  critical  look  at  the  fiber  loss 
characteristics  at  both  operating  windows.  By 
observing  loss  increases  at  both  wavelengths, 
an  estimate  of  microbending  and  macrobending 
losses  can  be  made. 

Digitally  coded  sensor  units  are  placed  in  the 
splice  closures  to  detect  any  water  ingress.  In 
the  alarm  state,  the  sensors  modulate  the 
monitoring  optical  signal  at  10  baud. 


SYSTEM  DESCRIPTION 
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1550  mn  Laser 


Figure  2:  Basic  Components  of  the  Fiber  Optic  Cable  Monitoring  System 


The  optical  receiver  separates  the  detected 
optical  signal  into  1300  nm  and  1550  nm 
components  which  eu-e  timplified  and  detected  to 
provide  power  level  signals. 

Sensor  alarm  signals  are  derived  from  the 
amplifier  outputs,  detected,  regenerated  and 
forwarded  to  the  2000  CMS  for  decoding. 

Optical  Transmitter 

The  transmitter  unit  is  rack  mounted  in  the  end 
office  and  consists  of  a  stabilized  power  supply, 
modulators  and  laser  drivers.  A  block  diagram 
of  the  transmitter  is  shown  in  Figure  3. 

To  make  efficient  use  of  the  1300  and  1550  nm 
lasers,  a  2x8  coupler  is  used  to  allow  monitoring 
of  up  to  8  cable  systems  originating  from  the 
same  office. 

A  feedback  loop  from  the  monitor  photodiode  is 
used  to  control  the  laser  drive  current  so  that  the 
average  output  power  is  constant. 

The  1300  and  1550  nm  lasers  are  modulated  at  20 
k  Hz  and  30  k  Hz  respectively. 


Optical  transmitter  specifications: 

•  Laser  1 ...  A,j  =  1300  +  -  20  nm 

Po  ^  -8  dBm 
Modulation  FI =20  k  Hz 

•  Laser  2 ...  ^2  =  1550  +  -  30  nm 

Po  >  -8  dBm 
Modulation  F2=30  k  Hz 

•  Optical  power  stability . 0.01  % 

•  Optical  power  at  each  output  port ..  >  -18  dBm 


Figure  3:  Basic  Circuit  of  the  Transmitter 
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optical  Receiver 

The  optical  receiver,  as  shown  in  Figure  4,  uses 
a  InGaAs  photodiode  in  a  transimpedance 
amplifier  configuration  with  an  operational 
spectral  range  from  800  to  1800  run. 

The  signals  from  the  pre-amp  are  separated  into 
FI  (20  k  Hz)  and  F2  (30  k  Hz)  components, 
amplified  and  detected  to  give  received  power 
levels  for  1300  nm  and  1550  run  respectively.  A 
lowpass  section  filters  and  detects  any  splice 
sensor  alarm  signals. 

Up  to  8  optical  receivers  can  be  mounted  in  the 
receiver  multiplex  shelf.  The  signals  from  all 
installed  receivers  are  scanned  and  forwarded  in 
digital  format  to  the  2000  CMS  for  processing, 
display  and  alarm  forwarding. 

Optical  receiver  specifications: 

•  Spectral  Range  800  to  1800  run 

•  Measuring  Range  0  to  -65  dBm 

•  Resolution  0.1  dBm 

•  Accuracy  +-  0.2  dB 


Figiue  4:  Block  Diagram  of  the  Optical  Receiver 


Splice  Moisture  Sensor 

A  novel  approach  was  taken  to  the  problem  of 
monitoring  the  splice  closures  for  moisture.  It 
was  desirable  to  place  a  device  in  the  closure 
that  would  not  only  detect  the  presence  of 
moisture  but  also  transmit  back  to  the  receiver  a 
digitally  coded  message  providing  the  exact 
location  of  the  wet  splice.  To  accomplish  this 
task,  the  problem  of  a  power  source  for  the 
sensor  electronics  had  to  be  resolved.  Assuming 
that  no  conductor  would  be  available  to  carry 
power  from  the  office  equipment,  it  was  obvious 
that  the  power  would  have  to  be  generated  at 
the  splice  location.  It  was  decided  that  the  splice 
located  moisture  sensor  and  power  source 
would  have  to  meet  the  following  performance 
requirements: 

•  The  power  source  and  electronics  must  be 
capable  of  long  term  storage  (20  yrs.  or  more). 

•  Upon  detechng  moisture,  the  sensor  should 
activate  and  transmit  an  alarm  signal  for 
several  hours. 

•  Low  voltage,  p  watt  digital  circuits  driving  a 
low  power  electro-optic  modulator  should  be 
used. 

The  sensor,  as  detailed  in  Figure  5,  was  designed 
using  microwatt  digital  circuits  and  a  low  power 
longitudinal  offset  modulator.  When  activated, 
the  sensor  pulses  the  electro-optic  modulator 
with  a  16  bit  10  baud  drive  current  which 
amplitude  modulates  the  optical  signal. 


Figure  5:  Moisture  Detection  Cell  and  Sensor  Circuits 
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A  special  moisture  detection  tape  operates  as  a 
water  activated  storage  cell  to  power  the  sensor. 
The  detection  tape,  as  shown  in  Figure  6,  is 
constructed  with  a  strip  of  copper  and  a  strip  of 
magnesium  separated  by  a  porous  insulator  and 
a  water  soluble  ionizing  solid.  When  water 
comes  into  contact  with  the  tape,  an  electrolyte 
is  created  and  the  tape  becomes  a  voltaic  celt  to 
drive  the  sensor  circuits.  The  cell  develops 
approximately  2.5  V  IXZ  which  is  well  above  the 
1.5  V  required  to  power  the  sensor  circuit. 

The  overall  cell  reaction  is 

Mg  +  Cu^'*' - >  Mg^''’  +  Cu  (1) 


The  monitoring  system  continuously  measures 
the  optical  performance  of  the  fiber  at  1550  nm 
where  macrobending  and  microbending 
problems  are  more  readily  detected.  Warning  of 
loss  increases  are  reported  well  in  advance  of 
transmission  system  degradahon. 


FIELD  TRIAL 

The  first  optical  cable  monitoring  system  was 
placed  on  a  Manitoba  Telephone  System  intra¬ 
provincial  trunking  route  extending  a  distance  of 
95.5  km. 


During  testing,  moisture  sensors  operated  for 
periods  of  several  hours  with  as  little  as  a  few 
cm  of  damp  tape.  In  the  dry  state,  the  tape  is 
inert  and  has  excellent  storage  Ufe. 


Electrolyte 
Salt  carrier 


Magnesium  Conductor 


Copper  Conductor 


Porous 
.  Insulating 
Layers 


Figure  6:  Construction  of  Water  Activated  Detection  Cell 


Monitoring  a  Working  Fiber 

When  a  spare  fiber  is  not  available,  the 
monitoring  system  can  be  configured  as  shown 
in  Figure  7.  Wave  Division  Multiplex  couplers 
with  wavelength  isolation  of  16  dB  or  more  are 
used  at  the  ends  of  each  span  to  separate  the 
fiber  monitoring  system  at  1550  nm  from  the 
transmission  system  at  1300  nm. 


30  to  45  km 


Figure  7:  Monitoring  at  1550  nm  on  a  "Working"  Fiber 


The  cable  construction,  as  shown  in  Figure  8,  is  a 
6  to  12  tight  buffered  fiber,  fully-filled  design 
protected  with  a  flooded  double  GP  sheath 
(double  layers  of  corrugated  0.15  mm  coated 
steel  tape  and  PE  jacket).  The  cable  and  splice 
closiu-es  are  direct  buried  at  a  depth  of  72  inches. 

For  the  initial  tests,  a  spare  fiber  was  selected 
and  the  optical  transmitter  and  receiver 
equipment  placed  in  the  Headingly  and  Portage 
La  Prairie  central  office  locations  respectively.  A 
data  line  was  connected  via  modem  at  the 
receiver  equipment  site  to  allow  dial-up 
monitoring  of  the  system  and  cable  performance. 
As  of  this  writing,  the  installation  was  in  the 
completion  stage. 


0.15  mm 
Steel  Tape 


Non-Meta  Uic 
Central  Strength  Member 


Cushion 

Layer  Tight  Buffered  Jacket 
Fibers 


Figure  8:  Typical  Lay  Up  of 

6  to  12  SM  Fiber  Cable 
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CONCLUSIONS 


A  fiber  optic  cable  monitoring  system  has  been 
developed  to  monitor  the  cable  structure  and 
splice  closures  for  damage  or  moisture  ingress. 

Unlike  other  monitoring  systems  in  current  use, 
the  new  method  does  not  require  metallic 
conductors  to  provide  an  electrical  path  to 
monitor  the  structure  or  power  splice  located 
sensing  devices.  Additionally,  OTDR  techniques, 
which  have  also  been  proposed  in  recent 
literature,  are  not  used  thus  avoiding  the 
limitations  and  difficulties  that  they  impose. 

The  first  system  of  this  design  was  deployed  on  a 
Manitoba  Telephone  System  intra-provincial 
fiber  cable  route  in  1992. 
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ABSTRACT 


We  have  described  a  concept  for  installation  of 
fiberoptic  submarine  cables  in  rugged  terrain. 
Multibeam  echosounder  surveys  along  cable  route 
corridors  have  provided  detailed  terrain  models  and 
topograpy  maps  which  are  used  to  find  optimal  cable 
routes  as  well  as  to  determine  detailed  laying  pro¬ 
grams  for  the  cables.  Laying  angles  for  different 
cable  types  have  been  found  by  performing  a  towing 
experiment.  An  ROV-survey  of  laid  cables  have  shown 
that  the  laying  program  must  be  closely  followed  in 
order  to  avoid  cable  suspensions  or  overlength  on 
laid  cables. 


1.  INTRODUCTION 

Today,  fiberoptic  submarine  cables  are  widely  used 
in  telecommunications.  Cables  are  beeing  installed 
between  countries  and  continents,  and  telecom 
operators  are  installing  submarine  cable  in  the 
national  networks. 

A  critical  part  of  an  fiberoptic  submarine  cable 
installation  is  the  initial  laying  of  the  cable  on 
the  sea  bottom.  Fiberoptic  submarine  cables  are 
vulnerable  to  damage  and  it  is  of  great  importance 
that  the  cable  is  properly  laid  on  the  sea  bottom 
during  the  installation. 

During  laying  of  a  light  fiberoptic  cable,  excess 
cable  length  can  easily  be  payed  out,  which  may 
result  in  cable  loops  on  the  sea  bottom.  Such  loops 
could  be  tightened  during  laying,  resulting  in  a 
cable  fault.  However,  loops  can  be  left  open,  and 
in  this  case  we  can  not  detect  any  subsequent  fiber 
attenuation  increase.  Nevertheless,  the  risk  for  a 
later  cable  fault  is  substantially  Increased. 
Attacks  on  or  attempts  to  move  the  cable  at  seve¬ 
ral  kilometers  distance  from  an  open  loop  may 
tighten  the  loop  and  cause  a  cable  fault. 

Also,  insufficient  cable  length  could  be  payed  out, 
which  may  result  in  significant  cable  suspensions 
in  rugged  terrain  making  the  cable  vulnerable  to 
future  attacks.  In  addition,  large  suspensions 
could  result  in  high  point  loads  on  the  cable, 
which  may,  combined  with  cable  movements  due  to  sea 
currents,  cause  the  cable  to  deteriorate  over 
time. 


Ideally,  during  laying  only  the  exact  amount  of 
cable  nescessary  to  cover  the  bottom  profile  should 
be  payed  out,  and  the  laid  cable  should  generally 
form  a  straight  line  following  perfectly  the 
bottom  terrain  along  a  predetermined  route.  In  our 
experience,  with  a  light  fiberoptic  cable  and  a 
varying  bottom  topography,  this  is  a  difficult 
task.  In  this  paper,  we  will  describe  an  install¬ 
ation  concept  which  allows  a  nearly  perfect  match 
of  the  cable  to  the  sea  bottom  topography  along  a 
predetermined  route. 


2.  SUBMARINE  CABLE  AND  MARINE  ENVIRONMENT 

Norwegian  Telecom  is  installing  submarine  cable 
along  the  Noivegian  coast  as  parts  of  our  junction 
and  trunk  network.  The  network  connects  population 
centra  along  the  coast,  and  consist  partly  of  land 
cable  and  partly  of  submarine  cable.  The  submarine 
cables  are  used  for  crossing  fjords,  passing  along 
fjords  and  elsewhere  to  connect  parts  of  landbased 
cable . 

Our  submarine  cable  constructions  are  light  armour¬ 
ed  (LA)  with  one  layer  of  armour,  or  heavy  armoured 
(HA)  with  two  layers  of  armour' .  The  cables  have 
outer  sheets  consisting  of  a  high  density  poly¬ 
ethylene  with  a  smooth  outer  surface.  Cable 
parameters  are  shown  in  Table  1 . 


Cable 

type 

Weight 
in  water 
(kg/m) 

Outer 

diameter 

(mm) 

Outer 

sheat 

LA 

1.0 

25 

HDPE 

HAl 

1.8 

33 

HOPE 

HA2 

2.1 

36 

HDPE 

Table  1:  Submarine  cable  parameters. 

Our  submarine  cables  are  free  from  built-in 
mechanical  tensions.  Coiling  tests  are  performed  in 
the  factory  and  on  the  cable  ship  to  ensure  that 
the  cables  are  mechanically  "dead".  Only  cables 
with  perfect  colling  propertle..  are  installed. 
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The  individual  submarine  cable  lengths  are 
typically  between  2  and  30  km.  The  maximum  sea 
depth  may  vary  between  20  and  1300  m.  However, 
mtiximum  depths  of  150-700  m  are  most  frequently 
encountered.  Nearly  100  %  of  the  cables  are  laid 
directly  on  the  surface  with  no  additional  pro¬ 
tective  burial. 

The  sea  bottom  topography  along  the  Norwegian  coast 
is  generally  rugged  and  rocky.  Near  the  Isinding 
points  of  a  cable  route,  the  bottom  may  be  very 
steep  and  rocky.  Elsewhere  along  a  proposed  cable 
route  we  may  find  underwater  mountain  formations, 
sharp  and  high  ridges,  valleys  and  troughs,  but 
also  parts  of  flat  bottom  consisting  of  soft  clay 
or  sand. 


3.  INSTALLATION  METHOD 
3.1  Cable  route 

A  basic  element  in  our  installation  concept  is  the 
provision  of  a  detailed  terrain  model/ topography 
map  of  the  sea  bed  in  a  sufficiently  broad  corridor 
along  the  proposed  cable  route.  This  is  acc¬ 
omplished  by  performing  a  comprehensive  multibeam 
echosounder  survey  (MBE)  along  the  proposed  cable 
route.  In  a  single  MBE  scan,  data  are  collected 
from  up  to  60  single  beams  in  a  swathe  covering  a 
corridor  of  up  to  7.4  times  the  sea  depth.  From 
these  data,  a  high  density  digital  terrain  model  is 
established.  Subsequently,  sofisticated  data  pro¬ 
cessing  provides  topography  maps  of  the  route 
corridors  with  a  depth  accuracy  of  1-2  meters. 

The  topography  maps  are  carefully  studied  in  order 
to  find  the  optimal  cable  route  between  the  lainding 


points.  Here,  our  intention  is  to  "hide"  the  cable 
in  terrain  formations  and  to  avoid  passing  over 
high  ridges  and  the  steepest  slopes.  However, 
terrain  slopes  of  30-60  degrees  can  be  frequently 
encountered  £ind  sometimes  almost  vertical  walls 
must  be  passed. 

Having  determined  the  optimal  cable  route  on  the 
sea  bottom,  the  vertical  bottom  profile  is 
established.  We  also  determine  the  surface  line 
which  the  cable  ship  shall  follow  during  laying  of 
the  cable.  This  line  is  the  horizontal  projection 
of  the  cable  route,  except  in  the  regions  where  a 
change  in  course  takes  place.  Here,  we  make  a 
surface  position  compensation  in  order  to  place  the 
cable  in  correct  position  on  the  sea  bottom.  An 
example  of  part  of  a  horizontal  and  vertical 
profile  of  a  cable  route  is  shown  in  Figure  1 . 

3.2  Cable  laying 

During  laying,  it  is  necessary  to  deploy  cable 
slack  in  order  to  match  the  terrain  on  which  the 
cable  is  laid.  If  the  terrain  forms  a  constant 
slope  and  the  cable  assumes  a  straight  line 
configuration  from  the  cable  ship  down  to  the 
bottom,  the  slack  to  be  payed  out  can  be  expressed 
as  ^ ; 

V  sin  a  *  sin  6 

(1)  _  =  - 

Vc  sin  (a  +  P) 


where  V  is  the  speed  of  the  cable  ship,  Vc  is  the 
payout  rate  of  the  cable,  a  is  the  angle  between 
the  cable  and  horizontal  and  P  is  angle  between  the 
bottom  and  the  horisontal.  For  downhill  laying  p 


500  itaeters 


Figure  1:  Example  of  horizontal  and  vertical  profile  of  part  of  a  cable  route. 
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is  positive,  and  for  uphill  laying  p  is  negative. 
In  addition,  for  uphill  laying,  |p|  must  not  exceed 
the  laying  angle  a  in  order  to  avoid  cable 
suspensions . 

For  laying  on  flat  bottom,  the  payout  rate  equals 
the  ship  speed  and  the  slack  is  zero. 

The  laying  angle  a  for  steady  laying  of  the  cable 
is  approximately  given  by  ^ : 

H 

(2)  a  =  - 

V 

where  H  is  the  hydrodynamic  constant  of  the  cable. 

The  necessary  slack  increases  as  the  terrain  slopes 
and  laying  angle  increases.  Substantial  slack  have 
to  be  payed  out  or  hauled  in  as  the  terrain  becomes 
rugged . 

In  a  practical  case,  the  terrain  slope  varies 
continously  throughout  the  cable  route.  When  the 
terrain  becomes  rugged,  the  variations  in  bottom 
slope  p  can  be  rapid  and  significant.  We  have  used 
our  digital  terrain  model  of  the  cable  route 
corridor  to  precalculate  an  exact  laying  program 
for  each  cable  route.  Basically,  for  all  surface 
posi.  cions  during  laying,  the  cable  length  from  the 
ship  down  to  the  sea  bottom  and  fitting  exactly  the 
bottom  profile  for  the  desired  cable  route 
backwards  to  the  starting  point,  are  calculated. 
Here  we  assume  a  straight  line  cable  configuration 
from  the  ship  down  to  the  bottom  as  shown  in  Figure 
2.  Instantanous  slack  values  for  all  ship  positions 
are  derived.  This  is  carried  out  for  different 
laying  angles  and  in  both  laying  directions. 


Horizontal 
diatance 
from  start 


Figure  2:  Geometry  for  calculation  of  laying  program. 

Several  factors  are  considered  before  a  final 
laying  program  is  selected.  The  laying  angle  is 
kept  constant  throughout  the  cable  route,  and  is 
chosen  according  to  the  results  of  the  towing 
experiment  described  later  in  chapter  4.  Different 
laying  angles  are  used  for  different  cable  types. 
The  cable  route  topography  is  studied  to  find  the 
optimal  laying  direction.  For  reasons  described 
later  in  chapter  5.  the  laying  direction  giving  the 
minimum  uphill  slope,  is  preferred.  In  most  cases, 
the  reqiurements  for  laying  angle  a  to  be  higher 
than  the  uphill  slope  P,  is  satisfied.  Otherwise, 
special  procedures  must  be  followed. 

Sea  currents  and  wind  may  sometimes  be  significant 
along  the  Norwegian  coast,  but  can  be  minimized  by 
a  proper  timing  of  the  laying  operation. 


The  laying  progrsun  and  the  surface  line  to  be 
followed  during  laying,  are  fed  into  a  computer 
which  continously  controls  the  laying  of  the  cable. 
Readings  of  actual  ship  position,  cable  length 
deployed,  ship  speed  and  cable  payout  rate  are 
continously  compared  with  the  precalculated  values 
and  any  deviations  f com  the  precalculated  laying 
program  are  corrected. 

4.  TOWING  EXPERIMENT 

When  performing  steady  laying,  the  cable  should  in 
theory  form  a  straight  line  configuration  from  the 
ship  down  to  the  bottom^  with  an  angle  given  by 
Equation  (2).  To  check  the  validity  of  this  ass¬ 
umption  and  to  determine  laying  angles  for  our 
cables,  a  towing  experiment  was  performed. 

Cable  lengths  of  approximately  300  meters  of  LA  and 
HA2  type  (Table  1)  were  towed  after  the  ship.  4 
minitransponders  were  mounted  on  each  cable  with 
intervals  of  75  meters.  Using  a  high  precision 
underwater  navigation  system,  the  positions  of  the 
transponders  relative  to  the  ship  were  continously 
monitored  during  towing.  The  transponders  were 
small  and  light  compared  with  the  cables  and  should 
not  affect  the  towed  cable  geometries. 

In  Figure  3  is  showed  towed  cable  geometries  at 
five  different  times  approximately  3  minutes  apart 
in  a  15  minutes  interval  of  steady  towing  of  the  LA 
cable  and  the  HA2  cable.  The  average  ship  speed  in 
the  15  minutes  interval  was  2.1  and  1.4  knots  for 
the  LA  and  HA2  cable,  respectively.  All  readings  of 
cable  geometries  during  steady  towing  showed  curves 
with  straight  lines  or  nearly  straight  lines.  This 
suggest  that  the  straight  line  approximation  is 
valid  for  steady  laying  of  our  cables. 


In  Figure  4  is  shown  the  average  towing  angle 
versus  average  towing  speed  for  LA  and  HA2  cable. 
We  observe  that  the  towing  angle  for  HA2  cable  is 
approximately  10  degrees  higher  than  for  LA  cable 
at  all  towing  speeds. 
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The  cable  laying  speed  is  usually  1.5"2.0  knots.  At 
£i  laying  speed  of  2.2  knots,  the  towing  angles  are 
approximately  30  degrees  and  40  degrees  for  LA 
cable  cind  HA2  cable,  respectively.  These  values  are 
selected  as  the  basic  laying  angles  for  LA  and  HA2 
tables . 


5.  INVESTIGATION  OF  INSTALLED  CABLES 

In  order  to  investigate  our  laying  concept  we  have 
performed  a  comprehensive  ROV-survey  of  4  different 
cable  routes.  The  total  examined  length  was 
approximately  30  km  with  maximum  sea  depths  of 


300-600  m.  The  routes  contained  a  variety  of  steep 
and  rocky  downhill  and  uphill  slopes  including 
almost  vertical  walls  as  well  as  flat  bottom.  A 
cable  tracker  was  used  to  locate  the  cable  in  areas 
where  it  had  disappeared  in  the  soft  clay.  Throug¬ 
hout  the  cable  routes  we  have  determined  cable 
positions  and  cable  configurations. 

During  laying  of  these  cables,  manual  correction  of 
ship's  course,  and  ship  speed  and  cable  payout  rate 
was  performed  to  fit  the  laying  program.  Therefore, 
deviations  f rom  the  laying  progreim  was  experienced 
in  short  periods.  We  have  correlated  the  actual 
cable  positions  cable  configurations  on  the  sea 
bottom  with  the  laying  program  and  have  reached 
some  important  conclusions  which  are  summarized  in 
the  following: 

With  this  method  the  cable  can  be  placed  close  to 
the  desired  position  on  the  sea  bed.  On  the 
investigated  cables,  the  accuracy  in  bottom 
position  was  typically  10-30  meters.  In  regions 
where  a  ch£inge  in  ship's  course  was  made,  the 
accuracy  could  be  less  if  not  correct  compensation 
was  made  on  the  surface.  The  survey  observations 
suggest  that  an  accuracy  which  is  fully  adequate  to 
place  the  cable  in  the  terrain  formations,  can  be 
obtained.  In  Figure  5  is  shown  the  predetermined 
cable  route,  cable  ship  route  and  actual  laid  cable 
positions  for  one  of  the  surveyed  cables.  Laid 
cable  configurations  are  also  indicated. 

None-perfect  cable  configurations  on  the  bottom 
were  found  at  positions  corresponding  well  with 
expected  positions  according  to  "incidents"  on  the 
cable  ship  on  the  surface.  This  conforms  to  the 
assumption  of  a  straigth  line  cable  configuration 
from  the  ship  down  to  the  sea  bed. 

When  the  touch-down  point  of  cable  is  in  a  downhill 
slope  (laying  downhill),  some  deviation  from  the 
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Figure  5=  ROV-surveyed  cable  route. 
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payout  program  can  be  tolerated  without  any  affects 
on  the  laid  cable  configuration.  Due  to  weight  and 
low  friction  against  the  bottom,  the  cable  tends  to 
be  tensioned  and  consequently  forms  a  straight 
line.  Obviously,  in  steeper  rocky  slopes  the  cable 
can  not  fill  in  small  bottom  irregularities  and 
hence  short  regions  with  suspended  cable  cannot  be 
avoided . 

However,  to  avoid  significant  cable  suspentions 
when  laying  downhill,  sufficient  cable  length  must 
have  been  deployed  at  the  end  of  the  downhill 
slope.  In  our  experience,  when  high  steep  slopes  or 
walls  are  passed,  only  a  few  tens  of  meters  in¬ 
sufficient  cable  length  may  result  in  large  cable 
suspensions . 

If  excessive  cable  length  have  been  payed  out  at 
the  end  of  a  downhill  slope,  the  laid  cable  still 
forms  a  straight  line:  but  the  laying  angle  have 
increased.  From  this  point  onward  we  may  cheinge  to 
a  slightly  different  laying  program  with  an  new 
laying  angle,  or  we  may  carefully  adjust  back  to 
the  initial  laying  program. 

When  laying  cable  on  flat  bottom,  we  have  found 
that  it  is  important  that  the  payout  program  is 
closely  followed.  We  have  observed  that  only  a  10  J! 
excessive  cable  payout  rate  during  a  short  time 
period  have  resulted  in  significant  S-formations  on 
the  cable. 

When  laying  the  cable  in  an  uphill  slope  it  is  very 
important  that  the  laying  program  is  critically 
followed.  Due  to  cable  weight,  low  friction  against 
the  bottom  and  terrain  topography  details, 
excessive  cable  length  may  move  along  the  bottom 
slope  and  accumulate  in  small  areas  and  eventually 
cause  large  S-formations  or  loops.  We  have  reg¬ 
istered  that  only  a  few  excessive  cable  meters  may 
cause  such  problems.  As  a  consequence,  the  laying 
direction  giving  the  minimum  uphill  slope  is  pre¬ 
ferred  . 

In  summary,  these  observations  suggest  that  any 
corrections  to  the  laying  program  during  laying 
should  be  performed  automatically  by  the  computer. 


6.  NAVIGATIONAL  ACCURACIES 

Our  Installation  concept  is  dependant  on  the  use  of 
high  accuracy  navigational  equipment  for  the  mari¬ 
time  operations.  We  have  used  the  Global  Pos¬ 
itioning  System  (GPS)  in  the  differential  mode  or 
alternatively  landbased  treinsponder  systems  as 
navigational  aids  for  the  multibeam  echosounder 
survey  and  the  cable  laying  operation.  In  addition, 
for  the  ROV-survey  of  laid  cables  and  the  towing 
experiment,  high  precision  underwater  navigation 
systems  were  used.  All  systems  have  positional 
accuracies  of  better  than  +  5  meters. 

7.  CONCLUSIONS 

We  have  described  a  concept  for  installation  of 
fiberoptic  submarine  cables  in  rugged  terrain.  A 
key  element  is  the  use  of  detailed  terrain  models 


and  topography  maps  of  cable  route  corridors 
provided  by  performing  comprehensive  multibeam 
echosounder  surveys  along  the  cable  routes.  These 
models/maps  are  used  to  find  the  optimal  cable 
route  between  the  landing  points  as  well  as 
calculating  detailed  laying  programs  for  the  cable 
laying  operations.  We  have  performed  a  towing 
experiment  to  determine  laying  angles  for  our 
submarine  cables.  The  towing  experiment  has  also 
shown  that  a  straight  line  cable  configuration  can 
be  assumed  during  steady  laying  of  the  cables.  We 
have  surveyed  a  number  of  installed  cables  and 
determined  their  position  and  as  laid  configuration 
on  the  sea  bottom.  The  survey  results  have  shown 
that  the  cable  can  placed  with  good  accuracy  on  the 
sea  bottom.  Furthermore,  we  have  found  that  the 
laying  program  must  be  closely  followed  in  order  to 
avoid  cable  suspensions  or  overlength  on  the  laid 
cable.  Automatic  correction  to  the  laying  program 
during  laying  is  reqiured. 
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ABSTRACT 

Foam-skin  insulation  resins  are  coextruded 
onto  conductors  at  high  line  speeds  up  to 
8000  feet/minute.  High  line  speeds  impose 
very  strict  processability  reguirements  on 
high  density  polyethylene  (HOPE)  resins. 
An  acceptable  resin  must  exhibit  high  melt 
strength  and  a  smooth  surface  (no  melt 
fracture  or  rough  surface)  with  low 
shrinkback  properties  at  these  high  shear 
rates.  In  coextruded  foam-skin 
constructions,  interfacial  instability 
between  the  layers  has  been  identified  as  a 
cause  of  surface  roughness.  The  insulation 
resins  are  also  required  to  exhibit 
excellent  environmental  stress  crack 
resistance  (ESCR) .  In  this  work,  these 
material  parameters  were  evaluated  using 
low  and  high  shear  rate  rheology, 
shrinkback  test  and  an  ESCR  test  based  on 
linear  elastic  fracture  mechanics. 
Structure-property  relationships  were 
developed  for  HOPE  and  these  concepts  were 
applied  in  new  resins  to  optimize 
performance . 


INTRODOCTION 

Wire  coating  involves  an  extrusion  coating 
process  to  manufacture  a  solid  insulation 
single  or  a  coextrusion  process  to  form  a 
multilayer  (foam-skin)  insulation.  High 
density  polyethylene  (HOPE)  is  usually  the 
material  of  choice  for  insulating  telephone 
singles. 

High  extrusion  speeds  up  to  8000  ft/min 
impose  strict  property  reguirements  on 
polyethylene.  A  quality  insulation  resin 
is  expected  to  exhibit  good  processability 
with  smooth  surfaces,  excellent 
environmental  stress  crack  resistance 
(ESCR)  and  low  shrinkback. 

Commodity  polyethylene  resins  exhibit  melt 
fracture  at  high  shear  rates  experienced  in 
the  wire  extrusion  coating  process.  The 
elimination  of  melt  fracture  or  rough 
surface  in  foam-skin  insulations  has  been 
studied  [1,2]  by  modifying  the  molecular 
weight  (MHt)  and  the  molecular  weight 


distribution  (MWtD)  of  the  polymer.  It  has 
been  concluded  that  rough  surface  formation 
was  not  entirely  controlled  by  MWt  (or 
MWtD)  of  the  polymer  [1,2]. 

During  the  wire  coating  process,  the  molten 
polymer  molecules  are  extended  or  oriented 
considerably  under  the  influence  of  high 
stresses.  Chain  orientation  introduces 
residual  stresses  and  strains  in 
insulations  upon  cooling  from  the  melt 
[3,4].  The  relaxation  of  these  stresses 
leads  to  the  retraction  of  the  insulation, 
described  as  "shrinkback"  exposing  the 
conductor.  The  shrinkback  behavior  is 
distributed  to  the  viscoelastic  relaxation 
of  the  oriented  molecules  [1,3].  Rough 
surfaces  and  high  shrinkback  result  in  poor 
quality  telephone  insulations  which  lead  to 
cross-talk  and  installation  difficulties. 

Environmental  stress  crack  resistance 
(ESCR)  of  the  resins  is  also  important  to 
protect  the  conductors  from  aggressive 
environments  such  as  surface  active  agents, 
hydrocarbons,  oils,  etc.  Cable 
manufacturers  often  require  the  resin 
manufacturers  to  include  a  minimum 
specification  on  ESCR. 

The  purpose  of  this  paper  is  to  discuss 
insulation  resin  requirements  and  efforts 
to  tailor  HDPE's  with  a  balance  of 
properties  for  communications  cable 
applications.  Individual  property 
requirements  are  studied  using  the 
knowledge  of  structure-property 
relationships.  The  elimination  of 
undesirable  properties,  such  as  rough 
surfaces  and  high  shrinkback,  is  discussed. 
The  development  of  a  superior  insulation 
resin  is  undertaken  based  on  this 
fundamental  knowledge. 


EXPERIMENTAL 

The  characteristics  of  the  HDPE  resins 
employed  in  this  study  are  presented  in 
Table  I.  All  resins  were  made  using  the 
same  catalyst  system  except  Resin  E  to 
study  the  effect  of  structural  parameters 
on  physical  properties.  Using  the  same 
catalyst  system  allowed  varying  only  one 
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structural  parameter  of  a  resin  at  a  time 
while  the  other  variables  were  kept 
constant. 


BI^v^^•Qnlnental  Stress  Crack  Realstanea 
(ESCR>  Test 

ESCR  of  the  resins  was  evaluated  using  the 
3-point  bend  test  described  elsewhere  [5]. 
Plagues  were  compression-molded  at  170 ®C 
under  100,000  psi  for  10  minutes,  and  then 
water-cooled  to  room  temperature.  Sis 
millimeter  thick  3-point  bend  specimen.'^ 
with  a  span  of  60  mm  and  a  width  of  10  mm 
were  cut  from  the  plaques.  A  sharp  notch 
with  a  depth  of  2.5  mm  was  introduced  to 
each  specimen  using  a  sharp  fly-cutter 
blade.  The  failure  times  were  determined 
in  a  10%  Igepal  solution  at  30®C  under  a 
constant  bending  load  of  3.9  kg. 


Low  Shear  Rheology 

Rheological  properties  were  measured  using 
a  Rheometrics  Mechanical  Spectrometer  - 
Model  RMS-605  operated  in  the  oscillatory 
mode  with  20%  strain  at  ISO^C.  The 
frequency  ranged  from  0.01  to  400  rad/s 
with  a  parallel  plate  geometry  of  25  mm 
diameter.  The  data  are  expressed  as 
complex  viscosity  or  modulus  as  a  function 
of  frequency. 


High  Shear  Rheology 

Melt  fracture  or  melt  instability  was 
detected  at  190 ®C  using  a  Rosand  Twin 
Barrel  Advanced  Rheometer  System  equipped 
with  a  capillary  die  (L/D=  16) .  The 
results  were  corrected  for  end  effects. 
The  data  were  presented  as  a  plot  of  shear 
stress  (or  viscosity)  vs  shear  rate.  The 
critical  shear  rate  for  melt  fracture  or 
instability  was  obtained  from  the  graphs. 


Shrinkback  Measurementa 

Shrinkback  level  was  determined  by 
evaluating  insulated  wires  from  commercial 
and  laboratory  wire  coating  lines.  Six 
inch  Insulated  wire  specimens  were  placed 
on  a  felt  surface  in  an  air  circulated  oven 
at  115®C  for  24  hours.  The  insulation 
relaxed  during  the  heat  treatment  exposing 
the  copper  wire.  The  extent  of  shrinkage, 
i.e.,  the  total  length  of  bare  copper  wire, 
was  measured  in  1/64  inch  units. 


RBSPLM  AMD  D18C088I0N 

The  resin  properties  of  HOPE  are  controlled 
by  the  structural  parameters  such  as 
molecular  weight  (MWt) ,  molecular  weight 
distribution  (MWtD) ,  density,  comonomer 


content,  and  comonomer  branch  distribution 
[6].  The  influence  of  these  parameters  on 
properties  is  illustrated  in  Table  II. 
Resins  can  be  tailor-made  to  provide  the 
necessary  property  balance  required  for 
specific  applications  by  careful  selection 
of  structural  parameters.  For  instance, 
ESCR,  elongation  and  melt  viscosity  of  a 
polyethylene  may  be  increased  by  increasing 
the  high  molecular  weight  fraction  of  the 
molecular  weight  distribution.  However, 
increasing  MWt  has  a  negative  effect  on 
processibility .  Improving  the 
processibility  by  broadening  the  molecular 
weight  distribution  of  the  resin  usually 
sacrifices  the  mechanical  properties  (Table 
II) .  Thus  a  compromise  is  needed  to  obtain 
the  optimum  property  balance.  The  resin 
requirements  for  communications  cable 
applications  are  discussed  below  with  the 
fundamental  understanding  of  the  influence 
of  structural  parameters. 


Environmental  Stress  Crack  Resistance 

Bent  strip  ESCR  test  [7]  is  often  employed 
to  evaluate  the  ESCR  of  wire  and  cable 
resins.  A  recent  paper  discusses  the  major 
drawbacks  of  this  method  [5].  A  novel 
technique  based  on  linear  elastic  fracture 
mechanics  concept  was  utilized  to  rank  the 
materials  in  this  report  [5].  Failure 
times  for  Resins  A  to  D  using  the  3-point 
bend  test  were  measured  and  presented  in 
Figure  1.  The  values  at  the  top  of  the 
bars  indicate  the  densities  of  the  resins. 
Resins  A  through  D  have  the  melt  indicies 
of  0.40,  0.35,  0.70  and  0.70,  respectively. 
All  resins  were  made  using  the  same 
catalyst  system.  Resin  A  was  further 
modified  using  a  post-reactor  modification 
process  to  obtain  Resin  B.  Figure  1 
illustrates  the  influence  of  structural 
parameters  on  the  ESCR  property.  Lowering 
the  molecular  weight  from  110,000  to  94,000 
(Resin  A  and  Resin  C)  reduces  the  ESCR 
while  decreasing  the  density  improves  the 
ESCR  (Resin  C  and  Resin  D) . 

The  3-point  bend  test  succesfully 

differentiated  the  inherent  property 

differences  in  resins  (5).  The  differences 
between  Resin  A  and  Resin  B  were  not 
apparent  by  the  bent  strip  test.  Figure  l 
indicates  the  usefullness  of  the  3-point 
bend  ESCR  test  in  ranking  resins. 

Similarly  other  physical  properties  of  wire 
and  cable  resins  can  be  improved  by  varying 
the  density  and  the  melt  index  of  the  resin 
for  a  given  system.  A  comparison  of  Resins 
B,  C  and  D  is  presented  in  Figure  2. 
Mechanical  properties  were  measured  using 
ASTM  type  IV  specimens  according  to  the 
method  D-638. 
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Procesaabilitv  of  Raains 

Rheological  measurements  at  low  and  high 
shear  rates  are  useful  in  characterizing 
the  flow  properties  of  a  resin.  The 
processability  requirements  for  telephone 
insulation  resins  are  very  stringent  due  to 
the  high  extrusion  speeds  or  extremely  high 
shear  rates  in  the  wire  coating  process. 
The  laboratory  tests  performed  at  much 
lower  shear  rates  can  only  differentiate 
the  materials  on  a  relative  basis. 

Polymer  melt  flow  in  the  extrusion  die 
becomes  disrupted  at  the  onset  of  flow 
instability.  Flow  instability  causes  melt 
fracture  or  rough  surfaces  of  the 
insulation  during  extrusion.  Usually  it  is 
difficult  to  quantify  or  predict  the  onset 
of  melt  fracture.  Barnett  [8]  defined  a 
melt  fracture  number  (MFN)  for  a  specific 
processing  equipment.  It  was  argued  that 
MFN  is  proportional  to  the  viscosity  of  the 
resin  and  the  shear  rate,  and  is  inversely 
proportional  to  the  molecular  weight 
distribution  of  the  resin.  MFN  usually 
remains  constant,  but  the  critical  shear 
rate  changes  upon  varying  viscosity,  MWt 
and  MWtD. 

Barnett's  argument  [8]  was  applied  to  the 
resins  in  Table  I.  The  plots  of  shear 
stress  vs  shear  rate  in  Figure  3 
illustrate  the  melt  fracture  phenomenon. 
Resin  A  begins  to  show  a  decrease  in  shear 
stress  "nalt  Instability"  at  a  critical 
shear  rate  of  2000  1/s.  This  resin  shows 
melt  fracture  at  an  extrusion  line  speed  of 
5000  ft/min,  Resins  C  and  D  with  a  lower 
melt  viscosity  (Table  I)  showed  no  melt 
fracture  in  Figure  3.  Correspondingly, 
Resins  C  and  D  exhibited  smooth  insulation 
surfaces  above  6500  ft/min  on  commercial 
wire  lines. 

Resin  B  processed  well  at  6000-6500  ft/min 
line  speeds  while  exhibiting  shear 
modification  [9].  The  critical  shear  rate 
of  Resin  B  for  melt  fracture  was  determined 
by  the  laboratory  test  to  be  3000  1/s 
compared  to  2000  1/s  of  Resin  A. 

In  "single  layer"  solid  insulation 
applications,  the  surface  roughness  is  due 
to  the  melt  fracture  of  the  resin.  Melt 
fracture  may  be  prevented  by  resin 
modification  or  adjusting  the  structural 
parameters.  However,  no  correlation  was 
seen  between  the  critical  shear  rate  and 
the  formation  of  rough  surfaces  in 
coextruded  foam-skin  insulations.  Previous 
studies  showed  that  the  quality  of  the 
foam-skin  insulation  is  not  dependent 
entirely  on  the  molecular  weight  and 
molecular  weight  distribution  of  the  resins 
[2,10]. 

In  some  cases  it  was  observed  through  light 
microscopy  analysis  that  the  skin  thickness 


in  foam-skin  insulations  was  non-uniform. 
A  schematic  drawing  is  shown  in  Figure  4. 
The  interface  between  the  foamable  resin 
and  the  skin  resin  was  wavy  although  the 
insulation  surface  was  smooth.  Further,  at 
extreme  conditions  rough  surfaces  were 
observed  on  the  insulation  surface  when  the 
magnitude  of  waviness  increased.  However, 
a  smooth  surface  resulted  when  the  same 
skin  resin  was  coated  onto  conductors  as  a 
single  layer.  Therefore,  the  formation  of 
rough  surfaces  was  seen  to  be  dependent  on 
the  characteristics  of  both  the  foamable 
and  the  solid  resin  components. 

Surface  roughness  in  coextruded  foam-skin 
insulations  was  successfully  eliminated  by 
matching  the  viscosities  of  the  foamable 
and  the  solid  resin  at  high  shear  rates, 
i.e,  at  6500  ft/min  line  speed.  Selecting 
a  foamable  resin  (Resin  D)  and  a  solid 
resin  (Resin  B) ,  both  with  a  viscosity  of 
2900  P  at  a  shear  rate  of  1000  1/s, 
resulted  in  a  smooth  insulation  surface  and 
a  uniform  skin  thickness.  However, 
increasing  the  melt  viscosity  of  the  skin 
resin  to  3200  P  and  above  at  1000  1/s 
introduced  a  rough  surface  to  the 
insulation.  Skin  resins  with  vicoslties 
between  2900  and  3200  P  at  a  shear  rate  of 
1000  1/s  indicated  only  wavy  interface 
between  the  foam  and  skin  layers.  All  of 
these  insulation  resins  showed  no  rough 
surface  when  they  were  coated  as  a  single 
solid  layer  onto  a  26  AWG  copper  conductor 
at  6500  ft/min,  i.e,  without  the  foamable 
resin. 

A  recent  paper  [11]  discusses  the  melt 
instability  in  coextruded  films.  It  is 
proposed  that  interfacial  flow  instability 
at  the  melt  interface  is  responsible  for 
the  interface  waviness.  We  speculate  that 
similar  interfacial  instability  also  led  to 
a  non-uniform  skin  thickness  in  coextruded 
foam-skin  insulations.  Based  on  the  melt 
flow  instability  phenomenon  [11  and 
references  therein] ,  it  is  suggested  here 
that  the  foamed  melt  layer  molecules  relax 
faster  than  the  skin  polymer  molecules. 
The  higher  mobility  of  the  foamable  melt 
results  in  regions  of  relaxed  molecules 
leading  to  non-uniform  foam  or  skin 
thickness.  This  phenomenon  may  be 
analagous  to  the  changes  in  dimensions 
(thicker  thickness,  shorter  length)  of  an 
uniaxial ly  oriented  article  when  it  is 
annealed  at  temperatures  close  to  its 
melting  point. 

The  formation  of  a  wavy  interface  between 
the  foam  and  the  skin  is  due  to  the  non¬ 
unifora  relaxation  of  the  molecules.  Thus 
matching  tht  viscosity  of  both  the  foamable 
and  the  skin  resins  would  eliminate  the 
interfacial  instability  leading  to  a  smooth 
interface  because  of  uniform  relaxation  of 
the  polymer  molecules.  Furthermore,  small 
increases  in  the  viscosity  of  the  skin 
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layer  would  introduce  a  wavy  interface, 
although  the  foam-skin  insulation  surface 
is  smooth.  However,  a  rough  insulation 
surface  would  be  generated  if  the  viscosity 
differences  between  the  foamable  and  the 
skin  resins  is  too  large  (Figure  4) .  The 
size  of  the  wavy  structures  could  become 
very  large  compared  to  the  dimensions  of 
the  insulation  thickness. 

A  large  melt  viscosity  difference  between 
the  resins  in  a  coextruded  foam-solid 
construction  seems  to  affect  the  surface 
quality  of  the  insulation  as  well  as  the 
skin  thickness  uniformity.  However, 
further  work  on  melt  behavior  of  the  resins 
is  needed  to  gain  full  understanding  of 
rough  surface  formation. 

Rough  surface  formation  in  foam-skin 
insulations  was  accompanied  with  lower 
tensile  elongation  values  (as  much  as  50 
percent)  since  localized  deformation 
occurred  in  the  thinner  solid  sections  of 
the  insulation.  As  a  result  of  this  non¬ 
uniformity,  a  break-up  of  the  foam 
underneath  the  solid  insulation  was  also 
observed.  Further,  variations  in  the 
capacitance  seen  with  this  insulation  may 
also  be  the  result  of  this  irregularity. 


Shrlnkbaek 

Molten  polymers  exhibit  time  dependent 
elastic  behavior.  The  melts  are  subjected 
to  high  shear  rates  during  wire  coating. 
As  a  result  the  polymer  chains  are 
elongated  or  oriented  along  the  flow 
direction.  The  chain  orientation  causes 
built-in  stresses  in  the  insulation  upon 
cooling  the  melt.  Such  residual  stresses 
lead  to  shrlnkbaek  causing  difficulties 
during  installation  and  performance 
deficiencies  [1,3,4].  The  residual 
stresses  and  the  molecular  orientation  can 
be  controlled  by  the  molecular  weight  and 
molecular  weight  distribution  of  the 
polymers,  and  the  cooling  conditions  during 
extrusion. 

One  approach  to  prevent  shrlnkbaek  problems 
is  to  modify  the  polymer  molecules  which 
relax  faster  than  the  time  scale  of  the 
fabrication  process.  Molecular  relaxation 
processes  may  be  studied  by  employing  low 
shear  rate  dynamic  rheology  tests  [12]. 
Dynamic  complex  viscosity  vs  frequency 
plots  are  shown  in  Figure  4  for  Resins  A, 
B,  D  and  E.  Resins  A,  B  and  E  are 
commercial  resins  while  Resin  D  is  a 
developmental  resin.  Resin  A  is  a  high 
molecular  weight  polymer  (Table  1}  and, 
thus,  it  exhibits  higher  melt  viscosities 
at  all  frequencies  compared  to  Resin  D. 

Resin  B  shows  shear  modification  [1,9] 
leading  to  lower  shrlnkbaek  values.  This 
polymer  behaves  in  a  similar  manner  as  a 


high  molecular  weight  resin  at  low  shear 
rates  (low  frequencies),  while  it 
demonstrates  shear  thinning  at  high  shear 
rates  (high  frequencies) .  The  shrlnkbaek 
values  for  Resins  A,  B,  D  and  E  were 
measured  to  be  9”/64,  6"/64,  4"/64,  and 
3"/64,  respectively.  The  samples  were 
prepared  using  a  26  AWG  solid  insulated 
copper  conductor  coated  at  3200  ft/min  line 
speed  on  a  laboratory  extruder.  The 
shrlnkbaek  value  is  higher  in  Resin  A,  as 
expected,  since  the  molecular  weight  is 
higher  than  those  of  Resins  D  and  E  (Table 
I) ,  and  it  does  not  show  any  shear  thinning 
effect  at  high  frequencies  (Figure  5) . 

The  relaxation  of  the  molecules  with  longer 
chain  length  is  difficult  due  to  the  lower 
mobility  of  the  chains  [12].  The  molecular 
weight  of  Resin  A  was  lowered  to  increase 
the  chain  mobility  (Resin  D)  and  hence,  the 
shrlnkbaek  was  reduced  from  9"/64  to  4"/64. 
Resin  D  was  also  coated  onto  a  26  AWG 
copper  conductor  on  a  commercial  wire  line 
at  a  line  speed  of  6500  ft/min.  The 
resulting  insulations  showed  less  than 
l"/64  shrlnkbaek.  The  lower  shrlnkbaek 
value  may  be  partly  due  to  the  good  control 
of  the  cooling  process  on  commercial  wire 
lines. 

The  relaxation  process  of  polymers  can  be 
predicted  using  dynamic  rheology  data 
[12].  A  plot  of  elastic  modulus  as  a 
function  of  frequency  is  presented  in 
Figure  6  for  resins  A  and  D.  Resin  A 
exhibits  higher  viscosities  (Figure  5)  and 
elastic  moduli  (Figure  6)  at  all 
frequencies  compared  to  Resin  D.  Higher 
viscosity  values  are  attributed  to  the 
presence  of  longer  polymer  chains  in  Resin 
A.  Thus  it  is  expected  that  the  molecules 
of  Resin  D  relax  faster  than  those  of  Resin 
A.  Higher  elastic  modulus  and  melt 
viscosity  values  indicate  the  presence  of 
longer  molecular  weight  species  in  Resin  A 
leading  to  longer  relaxation  times.  Lower 
viscosity  of  Resin  D  supports  the 
observation  of  low  shrlnkbaek  values. 


COHCLDSIOMB 

The  key  resin  property  requirements  for 
communications  cable  applications  were 
studied.  The  results  may  be  summarized  as 
follows: 

1.  Resin  D  was  optimized  for 
communications  cable  insulations  using 
the  knowledge  of  structure-property 
relationships . 

2.  ESCR  of  HOPE'S  may  be  evaluated  using 
a  novel  3 -point  bend  test  based  on 
fracture  mechanics  concepts  to 
differentiate  inherent  resin 
properties. 
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3.  Melt  fracture  and  shrinkback  may  be 
prevented  by  modifying  the  molecular 
weight  and  the  molecular  weight 
distribution. 

4.  Rough  surface  formation  in  foam-skin 
insulations  is  attributed  to 
interfacial  instability  between  the 
foamable  and  the  solid  resin  during 
the  coextrusion  process. 


We  thank  S.  Chang,  H.  Mavridis,  D.  Roberts 
and  R.N.  Shroff  of  Quantum  Chemical 
Corporation  for  their  valuable  discussions. 


1. 

2. 

3. 


L.Wild,  M.  Goekbora  and  C.D.  Lee, 
Proceed.  Int.  Conf.  on  Electrical  and 
Electronic  Materials,  2,  46  (1990). 


y.S.  Kim  and  J.Y.  Hah,  Proceed.  40th 
Int.  wire  Cable  Symp.,  492  (1991). 


C.R.  Taylor,  H.M.  Dillow  and  C.J. 
Aloisio,  Proceed.  31st  Int.  Wire  Cable 
Symp.,  350  (1982). 


4.  S.R.  Barnes,  O.C.A.  Hill,  M.K.R.  Vyas 
and  R.  Sutehall,  Plast.  in  Telecommu. , 
4th  Int.  Conf.,  10.1,  1986. 

5.  K.  Tonya li  and  P.L.  Fernando,  SPE 
Annual  Technical  Conf.  Proceed.,  2200 
(1991) . 

6.  Encyclopedia  of  Chemical  Technology, 
3rd  Ed.,  Vol.  16,  p421,  Wiley,  1981. 

7.  Bell  ESCR  Test,  ASTM  D-1693  Method. 

8.  S.M.  Barnett,  Polym.  Eng.  Sci.,  7,  168 
(1967) . 

9.  B.  Maxwell,  E.J.  Dormier,  F.P.  Smith 
and  P.P.  Tong,  Polym.  Eng.  Sci.,  22, 
280  (1980). 

10.  Z.Y.  Xi,  Proceed.  39th  Int.  Wire  Cable 
Symp.,  59  (1990). 

11.  R.N.  Shroff  and  H.  Mavridis,  Plast. 
Technol.,  February  Issue,  54  (1991). 

12.  J.D.  Ferry,  Viscoelastic  Properties  of 
Polymers,  3rd  Ed.,  Wiley,  New  York, 
1980. 


Table  I.  Characterietice  of  Higb  Density  Polyetbylenes 

PROPERTY  RE8IM  A  RESIN  B  REBIM  C  REBIM  D  RE81M  E 

DENSITY  0.946  0.946  0.946  0.944  0.944 

(g/cc) 

MELT  INDEX  0.40  0.35  0.70  0.70  0.70 

(g/10  min) 

Mw  110,000  115,000  94,000  95,000  111,000 

Mw/Mn  9.2  11.0  8.8  8.9  11.5 

VISCOSITY  (P)  3400  2950  2850  2900  3000 

AT  1000  1/s 

SHRINKBACK  9  6  -  4  3 

(1/64  in) 

-  Mn  and  Mw  are  number  and  weight  average  molecular  weights, 

respectively . 
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Table  II.  The  Influence  of  Structural  Parameters  on  Resin 
Properties 

INCREASING  INCREASING  BROADENING 

PROPERTY*  DENSITY  MWt  KWtD 


TOUGHNESS 


STIFFNESS 


YIELD  STRESS 


ELONGATION 


MELT  VISCOSITY 


PROCESSABILITY 


*  +  and  -  denote  increasing  and  decreasing,  respectively. 

FAILURE  TIME  (h) 


RESIN  A  RESIN  B  RESIN  C  RESIN  D 
Figure  1  ESCR  Failure  Times  for  HOPE  Resins 


<*.  PROPERTY  CHANGE 


MELT  INDEX  VISCOSITY  BREAK  STRESS  ELONGATION 
Figure  2.  Effect  of  Melt  Index  and  Density  on  Properties 
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100  1000  10000 
SHEAR  RATE  (I/s) 

Figure  3.  Determination  of  Melt  Flow  Instability  Point 


b) 


c) 


Figure  4.  Interfacial  Instability  in  Foam-Skin  Insulations: 

Viscosity  difference:  a)  zero,  b)  small  and  c)  large 
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Figure  5.  Low  Shear  Rheology  Data  for  HOPE  Resins 
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Figure  6.  Elastic  Modulus  of  Resins  at  Low  Shear  Rates 
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Nippon  Unicar  Co.,  Ltd. 
Kawasaki,  Japan 


Abstract 


Conventional  expanded  insulation 
for  ultra-low  loss  coaxial  cable  is 
usually  produced  by  using  a  gas  injec¬ 
tion  system  which  can  make  the  insula¬ 
tion  layer  expand  to  over  70%  and  reduce 
the  dielectric  constant  to  less  than 
1.30.  Recently,  requests  to  produce  the 
same  type  of  cables  via  a  chemical  ex¬ 
pansion  method  have  increased  since 
environmental  problems  related  to 
fuluorocarbon  gas  source  have  arisen. 

He  have  developed  a  new  expandable 
compound  with  a  70%  expansion  rate  using 
a  chemical  blowing  system  without  any 
environmental  problems  by  optimizing  the 
selection  of  base  resins  and  chemical 
blowing  agents,  and  also  by  establishing 
appropriate  processing  conditions  to 
achieve  the  desired  expansion.  Cables 
using  this  new  insulation  material  have 
been  commercialized  for  field  applica¬ 
tions. 


1.  Introduction 


For  more  than  20  years  coaxial 
cables  with  50%  expanded  polyethylene 
insulation  have  been  manufactured 
primarily  using  the  chemical  blowing 
systems.  On  the  other  hand,  for  ultra- 
low  loss  cable,  highly  expanded  insu¬ 
lation  with  over  70%  rate  had  to  be  made 
utilizing  direct  gas  injection,  since  in 
general  the  development  of  chemically 
expandable  polyethylene  over  70%  was 
too  difficult.  He  have  undertaken  this 
challenge  in  recognition  of  the  needs 
of  some  wire  and  cables  makers  who  do 
not  have  gas  injection  systems  or  who 
are  hesitant  to  install  new  gas  injec¬ 
tion  systems  due  to  their  high  invest¬ 
ment  cost  and  difficult  processing 
techniques,  and  also  because  of  the 
recent  serious  concerns  about  the  use 
of  fluorocarbon  gasses. 

He  have  succeeded  in  the  develop¬ 
ment  of  a  specially  designed  compound 
and  the  establishment  of  the  processing 


conditions  for  a  chemical  blowing  system 
to  obtain  a  70%  expansion  rate.  At  pre¬ 
sent,  the  ultra-low  loss  coaxial  cables 
using  this  material  have  been  commer¬ 
cialized  for  field  applications,  although 
the  size  of  the  cables  has  been  limited 
to  those  smaller  than  7C-HFL. 

In  order  to  achieve  this  expansion 
rate,  the  basic  factors  focused  on  were: 
the  rheological  properties  of  base 
resins;  the  selection  of  blowing  agents 
to  minimize  the  dissipation  factor;  and 
also  the  processing  conditions  to 
optimize  the  characteristics  of  the  com¬ 
pound. 


2.  Development  of  Materials 
2.1  Selection  of  Base  Resins 


Our  conventional  compound  for  50% 
expansion  by  chemical  method  was  used  as 
a  basic  reference.  The  base  resin  used 
in  this  compound,  however,  was  too  low  in 
density  to  be  suitable  for  a  70%  expanded 
insulation,  so  a  new  base  resin  modified 
with  a  higher  density  type  was  studied. 
Rheologically ,  a  high  melt  tension  in 
the  resin  is  required  for  a  high 
expansion  rate,  and  thus  the  modi¬ 
fication  was  controlled  to  minimize  the 
decrease  of  melt  tension.  Table  1  shows 
the  optimum  base  resin  selected. 


Table  1  Selection  of  Base  Resins 


lest  Resin  Type 

Reo  Resin 

Convent i onni 

Expansion  Rntt(AioeeX) 

70 

50 

Basic  Properties 

Melt  InBexti/IOoin) 

l.t 

2.0 

Density  (i/ce) 

0.  921 

0.  911 

Melt  Tension'Ma) 

7.1 

0.  2 

ei:  not! 
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2.2  Selection  of  Chemical  Blowing  Agents 

From  the  relationship  between  gas 
volume  and  expansion  rate,  the  ideal  gas 
volume  to  obtain  the  70%  expansion  rate 
was  estimated.  Fig.  1  shows  that  about 
twice  as  much  gas  volume  for  70%  expan¬ 
sion  rate  is  needed  compared  to  that 
required  for  50%  expansion  rate.  The 
chemical  blowing  agents  which  generate 
the  most  gas  volume  after  thermal  decom¬ 
position  with  a  minimum  content  in  the 
compound  are  desirable  to  minimize  the 
increase  of  dissipation  factor  of  the 
compound . 

Table  2  shows  that  a  combination  of 
different  types  of  blowing  agents  is 
optimal  for  the  70%  expansion  rate  with 
very  fine  cell  structure  and  low  dissi¬ 
pation  factor.  Very  fine  cell  structure 
is  necessary  to  get  a  high  expansion 
rate  by  preventing  cell-breakage  before 
cooling,  and  it  is  also  necessary  to 
maintain  the  core  hardness  which  is 
represented  by  the  deformation  of  the 
expanded  core  shown  in  Table  2. 


Fig.  1  Relationship  between  Expansion 
Rate  and  needed  Gas  Voluae 


2.3  Compound  Properties 

The  highly  expandable  formulation 
was  optimized  through  the  selection  of 
base  resins,  blowing  agents  and  some 
amount  of  other  additives  such  as 
antioxidants.  Besides  the  study  of  the 
composition,  careful  compounding  con- 
ditons  for  good  dispersion  of  the  blow¬ 
ing  agent  and  for  prevention  of  pre-blow 
during  the  mixing  process  were  also 
established. 

The  properties  of  the  compound 
developed  for  70%  expansion  rate  are 
shown  in  Table  3. 


Table  3  Properties  of  70X  Expandable 
Material 


I  teas 

Unit 

Values 

Base  Resi n  Propert i es 

Melt  Index 

g/1 Oai n 

2.  5 

Density 

g/cc 

0.  92t 

Faawed  Properties 

Tensi le  Strength 

kg/ca2 

60 

f langation 

» 

360 

Dielectric  Constant  (IHHz) 

1.  3 

Dissipation  Factor  (1MHz) 

4x10'* 

Voluae  Resistivity 

Q-ca 

10’6< 

Table  2  Selection  of  Cheaical  Blowing  Agents 


Blowing 

Agents*' 

Expansion 
Rato  (Max.  X) 

Coll 

Structure 

Doforaat ion'^of 
Expanded  Core  (X) 

Tan6'^ 

xlO-'* 

A 

6S 

Coarse 

0.  8 

6.5 

B 

70 

Fine 

0.  6 

3.4 

C 

66 

Vary  Fine 

0.  2 

5.  5 

Ate 

72 

Vary  Fine 

0.  3 

4.3 

*f:  A.  f  :  Nrdrarrde  trp*  C  :  Arc  tfpt 

*i:  1  kf  leading  for  SOwin.  at  *3:  1  IIHz 
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2.4  Adhesive  Materials  for  Conductor 
Pre-coating 

In  order  to  achieve  a  perfectly 
round  insulation,  and  to  make  the  handl¬ 
ing  of  cable  joint  operatxon  easy,  it  is 
necessary  to  pre-coat  the  inner  conduc¬ 
tor  with  a  solid  thin  film  to  obtain 
moderate  adhesion  between  the  conductor 
and  the  expanded  insulation.  Since  the 
type  of  material  for  precoating  and  its 
thickness  on  the  conductor  affect  the 
electrical  properties  of  the  insulation, 
a  material  with  thin-coating  character¬ 
istics  and  a  low  dissipation  factor  was 
selected.  Table  4  shows  that  LLOPE  is 
suitable  for  this  application. 


Table  4  Selection  of  Precoating  Materials 


Resins 

Adhesi 

Conductor 

on  to 

Insulation 

Tins 

xIO-'* 

— 

Processing 

Property44 

LDPE 

Moderate 

Strong 

1 

Fair 

LLDPE 

Moderate 

Strong 

0.  1 

6ood 

EEA’* 

Moderate 

Modernte 

90 

Fair 

EAR  *2 

Stronp 

Poor 

SO 

Fair 

41:  Conoaener  1SX.  42:  Cenonontr  7X.  43:  1MHz 

44:  Tbin-coatinf  Charaeteri sties 


3.  Processing  Techniques  for  70% 
Expansion 

As  well  as  optimizing  the  compound 
composition,  the  establishment  of  the 
processing  conditions  to  achieve  the  70S 
expansion  rate  is  also  very  important. 
Key  factors  to  control  are  follows; 

1.  Conductor  preheating 

2.  Extrusion  conditions  to  get  the 
stable  out-put  and  line-speed 

3.  Die  design  to  get  the  optimum  melt 
pressure 

4.  Temperature  control  of  the  cooling 
trough 

These  factors  are  related  to  each 
other,  and  they  must  be  properly  con¬ 
trolled  to  obtain  good  performance  of 
the  compound.  In  paticular,  a  highly 
expanded  core  before  cooling  is  very 
sensitive  to  diameter  fluctuations  in  the 
longitudinal  direction,  so,  the  out  put 
and  the  line  speed  should  be  closely  con¬ 
trolled  for  stable  operation  to  prevent 
structural  return  loss  or  spikes  in  the 
final  cable. 


Extrusion  temperature  control  is  another 
critical  factor  to  obtain  uniform  cell 
structure.  Since  a  highly  expanded  core 
is  also  easily  flattened  if  the  cooling 
conditions  are  inadequate,  gradual 
temperature  decrease  for  cooling  process 
starting  from  the  hot  water  in  the  No.l 
cooling  trough  is  desirable  for  getting  a 
round  core . 

Typical  processing  conditions  are 
shown  in  Table  5.  Cell  structure  was 
analyzed  by  using  an  Image  Analyzer 
attached  with  a  micro-computer,  and  Fig. 2 
shows  a  typical  70%  expanded  cross-sec¬ 
tion  and  a  histogram  analyzing  the  cell 
size  distribution. 


4-  Characteristics  of  the  Cable 

Table  6  shows  the  foam  and  ele¬ 
ctrical  properties  of  typical  coaxial 
cables  for  CATV  insulated  with  the  new 
compound  with  70%  chemical  expansion, 
compared  to  those  for  50%  by  chemical  and 
75%  by  gas  injection  method.  The  fre¬ 
quency  dependence  of  attenuation  con¬ 
stants  of  the  chemically  expanded  cable 
used  the  new  compound  is  essentially  the 
same  as  that  of  the  gas  injected  system. 

Fig.  3  illustrates  a  cross-section 
of  7C-HFL  cable  insulation  using  the  new 
compound  viewed  through  an  optical 
microscope.  The  cell  structure  s  ex¬ 
cellent  and  equal  to  those  made  by  gas 
inection  system. 


Table  5  Typical  Extrusion  Teaperature 
and  Expansion  Properties 


Teaperiture’’ 

(ID) 

Expansion 
Rate  (X) 

Cell 

Structure 

195 

69 

F  i  ne 

190 

66 

F  i  ne 

ISO 

70 

Fine 

163 

70 

F  i  ne 

169 

66 

Coarse 

41:  Resin  tenperiture  it  die  exit 
42:  Extrusion  conditions 

Extruder  :  Stn^Test  aiekine 
Sere*  :  l/D=24.  C.  R=3.  4.  3lrpn 

Take-up  speed:  12  n/oin 
Cu  conductor  :  1. 1  000 
Core  diiater  :  7. 3  aa^ 

Teaperiture  profile  of  coolini  trouihs: 

JI-75-80-2»t! 
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Unit  utoi^ 


More  Less 

G .  000000x0 . 0 1 0003 

0.010000x0.020000 

0.020000x0.030000 
0.030000x0.040000 
0.040000x0.050000 
0.050000x0.050000 
0.060000x0.070000 
0.070000X0.080000 
0.030000x0.090000 
0.090000x0. 100000 
0.100000x0.110000 
0.110300x0.120000 

0. 120000X0. 130000 
0. 130000X0. 140000 
0.140000x0. 150000 
0. 150000x0. 160000 
0.160000x0.170000 
0.170000x0.180000 
0.180000x0.190000 
0. 190000x0.200000 

Fig. 


—  H  i  stograa  ~ 

Total  Cell  Nuaber 


Table  6  Characteristics  of  Coaxial  Cables’^ 


Cable  No. 

Cable  A 

Cable  0 

Cable  C’2 

Expansion  Systea 

Cbeai ca 1 

Cheaical 

Gas  Injc. 

Expansion  Rate(AiaedX) 

70 

50 

75 

Foaaod  Properties 

Blown  Density  (g/cc) 

0.27 

0.40 

0.25 

Expansion  Rate  (X) 

72 

52 

75 

Def  oraat  i  on’^  (X) 

0.  3 

0.  2 

0.  2 

Electrical  Properties 

Core  Diaaeter(aa) 

7.  2-7.  3 

7.2-7.  3 

7.  2-7.  3 

Capacitance  (PF/a) 

SI-52 

54-55 

50-51 

lapedance  (Q) 

70 

70 

74 

10  HHz 

11 

13 

11 

SO  MHz 

30 

40 

37 

220  HHz 

57 

53 

50 

400  MHz 

08 

04 

05 

01:  Cable  Structure  :  7C-HFI  Type 

leeer  CeeSucter  -  1. 8n^  Cu 
Outer  CoeSttcter  -  Al  Laainate  Tape  (8.  2aat) 
•2:  Coaaercial  Cable  of  Gaa  InjecteS  laaulatioa 
•3:  Core  oaly  teateO  uaSer  Ibg  leaSiag  for  SOaia  at  23T) 


Fig.  3  72X  Expanded  Cross-section 

of  7C-HFL  Cable  insulated 
with  the  New  Cowpound 
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5.  Conclusions 


A  polyethylene  based  compound  ex¬ 
pandable  to  a  70%  rate  by  utilizing  a 
chemical  expansion  system  was  developed 
through  the  selection  of  a  suitable  base 
resin  and  a  composite  blowing  agent  with 
different  chemical  structures. 

The  establishment  of  suitable  pro¬ 
cessing  conditions  of  the  compound  was 
very  important  in  achieving  the  desired 
expansion  ability  of  the  compound. 
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INTERACTIVE  MANUFACTURING  &  COSTING  SY  STEM  (I  MACS) 
FOR  MULTI-PAIR  TELECOMMUNICATION  CABLES 


M.  J.  Khan 

Saudi  Cable  Company 
Tele-Cable  Division,  Jeddah,  Saudi  Arabia 


ABSTRACT 

A  fully  integrated  telephone  cable  manufacturing  and 
price  /  costing  system  has  been  developed  for  a  modem 
telecommunications  cable  manufacturing  facility.  The 
black  box  concept  implemented  on  PC  based  LAN, 
integrates  Sales/Marketing,  Technical,  Material  planning. 
Cost  accounting  and  Quality  control  departments.  A 
versatile  cable  coding  structure  has  been  described  to 
handle  virtually  all  cable  constructions  that  exist  in  the 
International  and  National  standards  of  different  countries 
and  PT&T  administrations.  The  total  concept  has  been 
implemented  thru  vigorous  application  of  formula  based 
computation  and  algorithms  developed  in  modular  plug-in 
modules.  Once  the  system  is  initialized  with  the  basic 
cable  design,  process  and  machine  parameters,  it  then  can 
generate  the  manufacturing  information  by  evaluating  the 
item  code  of  a  cable,  that  is  entered  by  the  user.  Thus 
absolutely  no  or  minimum  user  data  entry  is  required  and 
high  degree  of  accuracy  and  information  integration 
achieved. 


INTRODUCTION 

Fierce  competition  both  at  domestic  and  international 
fronts  is  among  the  factors  leading  to  a  new  commitment 
by  the  manufacturing  companies  to  respond  faster  to 
market  demands,  most  competitively  with  high  degree  of 
reliable  and  quality  products.  This  competition  in  the 
present  day  world  market  sets  an  ever-  increasing  pressure 
on  the  management  of  a  manufacturing  unit  to  optimize 
product  design,  reduce  scrap  and  increase  operational 
efficiency  etc.  and  fmally  produce  a  quality  product  at 
reduced  costs. 

Actions  are  generated  in  a  cable  manufacturing  industry 
by  either  customer's  inquiry  or  order.  In  case  of  a 
customer's  inquiry,  sales,  technical/design  engineering 
and  planning  departments  are  involved  to  quote  Price  and 
Delivery  schedule  of  the  cables  requested.  In  case,  an 
order  is  placH  the  cables  got  to  be  manufactured 
according  to  the  agreed  (contract)  technical 
specification/design  and  quality  tests  requirements.  These 
actions  are  carried  out  starting  from  the  design 


engineering  to  planning,  process,  quality  control  and  final 
inspection  until  the  cables  are  transferred  to  shipping 
department/customer.  Various  information  and  documents 
are  thus  needed  to  complete  the  customer  order.  In  this 
paper,  efforts  have  been  made  to  computerize  the 
customer  order  processing  from  an  initial  customer's 
inquiry  and  preparation  of  quotation  to  manufacturing  the 
cables  after  placement  of  the  order  in  accordance  with  the 
agreed  technical  specifications  and  quality  test 
requirements  etc. 

The  system  offers  a  unique  opportunity  to  Management  to 
instantly  retrieve  information  such  as  no.  of  quotations 
made  during  a  week/month/year  and  orders  received 
during  the  same  period,  materials  costs,  materials  to  sales 
price  ratios,  raw  material  requirement  (by  weight  and 
dimensions)  for  particular  cable  types  (tenders)  besides, 
machine/operating  efficiencies  and  various  other 
manufacturing  and  accounting  reports. 


1  MACS  CONCEPT 

The  majority  of  CIM  based  systems  are  either  ready-made 
packages  bought  from  software  houses  which  require  to  be 
tailored  to  a  manufacturing  unit’s  requirement,  where  as 
others  are  built  in-house  to  perform  various  tasks  in  each 
department  and  partly  integrated.  These  systems  are 
generally  based  on  huge  data  bases,  developed  thru  years 
of  data  entry  for  each  product  and  new  products  that  are 
developed  from  time  to  time  as  a  result  of  R  &  D  and  for 
products  of  specific  customer's  specifications  and  test 
requirements.  The  data  based  CIM  systems  are  generally 
developed  taking  into  consideration  known  standards, 
customer's  qiecifications  and  the  manufacturing 
capabilities  (existing  machinery  layout).  However,  as  the 
market  expands  (from  domestic  to  international  arena)  and 
cables  to  various  specifications  are  to  be  produced,  the 
CIM  software  would  need  to  be  upgraded  and/or  modified 
to  meet  the  demand  of  non-standard  products.  In  the 
process,  several  bottlenecks  got  to  be  resolved  adversely 
affecting  the  overall  productivity  and  responses  to  the  end 
useis.  In  some  cases,  the  bottlenecks  could  not  be 
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resolved  due  to  limitation  of  the  system 
bought/developed  and  hence  the  information  are  to  be 
prepared  manually  or  manually  prepared  information  are 
to  be  entered  into  the  computer  to  get  a  desired  report. 
Also  constant  improvements  in  product  design,  materials 
usage,  it's  type  and  application  and/or  change  in  plant 
machinery  lay-out  may  require  to  replace  /  update  the 
existing  data.  These  changes  which  are  normal  in  a  cable 
manufacturing  plant  further  leads  to  modification  of  the 
CIM  software.  Thus  initially  a  well  purchased/developed 
system  may  turn  into  a  semi-manual  system  as  the  market 
trends  changes  with  more  and  more  non-standard 
products  that  are  to  be  offered  to  satisfy  possibly  all 
inquiries  from  customers. 

The  Interactive  Manufacturing  and  Costing  System 
(I_MACS)  described  in  this  paper  is  developed  keeping 
in  view  the  difficulties  usually  encountered  with  a  typical 
data  based  system  particularly  those  which  have  been 
purchased  as  ready  made  package  and  needed  adaptation 
to  user’s  requirements.  The  I_MACS  is  being  developed 
based  on  a  black  box  concept  which  is  driven  by  product 
identification  code(s).  As  the  system  is  initialized,  it  then 
requires  minimum  data  entry  for  any  (new)  cables  type(s) 
that  are  to  be  manufactured  according  to  an  unknown 
customer's  specification.  Fig.  1  shows  the  black  box 
concept  accessib’e  by  various  departments  of  a  typical 
telephone  cable  manufacturing  plant.  It  consists  of  a  fnain 
module  FCE  (Formula  Computation  Engine)  and  a 
number  of  sub-modules  pertaining  to  each  department. 
Each  department  access  the  FCE  after  log-in  and  pass¬ 
word  authorization  using  any  of  the  following  (access) 
keys. 

-  Customer's  Inquiry  no. 

-  Product  Item  Code  (and/or  Computer  no.) 

-  Mill  Order  no.  (Sales  Order  no.) 

The  FCE  is  a  formula  based  module  which  computes  the 
cable  dimensions  and  material  weights.  The  black  box 
interprets  the  access  keys,  computes  the  cable 
dimensional  data  and  bill  of  materials  of  pre-selected 
cable  type(s)  and  size(s)  of  an  inquiry  or  Sales  order  and 
make  available  these  information  to  the  sub-module(s)  of 
the  calling  department.  Once  the  material  types,  weights 
(Kg/Km)  and  cable  dimensions  at  each  stage  are 
computed,  further  analyses  are  done  by  the  designated 
module(s)  of  the  black  box  pertaining  to  a  certain 
department.  Typical  reports  that  a  department  would  like 
to  generate  are  shown  in  Fig.l.  These  reports  can  be 
viewed  and/or  printed  in  a  matter  of  less  than  few 
seconds,  however,  the  important  thing  is  that  no  output 
of  a  report  or  cable  construction  (i.e.  cable  design  and 
material  weights  etc.)  are  saved  by  the  computer.  The 
system  uses  FCE  repeatedly  for  items  (cable  types  & 
sizes)  as  selected  by  the  user  to  generate  particular 
analyses  (reports). 


PKODUCT  DESIGNATION  CODE  /ITEM  CODE) 

The  I_MACS  has  been  envisaged  with  absolutely  no  data 
entry  or  minimum  possible  entries  by  the  user.  It  is  a 
product  code  and  menu-driven  system  offering  multiple 
options  and  features  to  select  from.  It  was  therefore 
essential  to  evolve  a  universal  coding  structure  that 
simulates  almost  all  known  national  and  international 
standards  as  well  as  deviations  from  standard 
specifications  that  would  be  necessary  for  manufacturing 
reasons  to  comply  with  some  quality  test  requirements 
and  inspection  clauses  of  a  customer's  specifications. 

The  cable  construction  of  the  telephone  cable  taking  into 
account  all  possible  variations  in  materials  and  design 
parameters  meeting  a  variety  of  specifications  has  been 
defined  by  an  item  code  structure  for  finished  cable  and 
semi-finished  WIP  (work-in-process). 

The  finished  cable  item  code  consists  of  two  parts 
namely; 

-  Item  code  or  cable  designation  code 
(alphabetical) 

-  Computer  no.  (numerical) 

The  alphabetical  part  of  the  item  code  comprises  of  three 
parts;  the  first  part  is  made  of  four  fixed  alphabet 
positions  and  describes  the  cable  design;  the  second  part 
made  of  unlimited  alphabet  locations,  each  is  defined  for 
a  material  type  and  can  be  applied  in  any  sequence,  the 
3rd.  part  is  numerical  which  represents  the  cable  size 
(pair  count,  pair  and  diameter  of  conductor).  Each 
alphabet  of  the  item  code  defines  a  material  and  it’s 
sequences  of  application  as  shown  in  Fig.  2.  As  can  be 
seen,  the  first  four  alphabet  positions  (1  to  4)  describes 
conductor  type,  insulation  material  type,  mutual 
capacitance  (finished  cable)  and  stranding  process  type. 
These  alphabets  as  selected  from  each  stage  of  operation 
and  it's  sequence  will  give  the  stage-wise  cable 
construction.  Thus  the  first  four  alphabets  make  the  cable 
upto  assembled  core.  The  subsequent  alphabets,  each 
defining  materials  for  screening,  sheathing  and 
armouring  can  be  applied  in  any  sequence,  depending 
upon  customer's  specifications.  The  default  setting  of  the 
alphabets  defining  a  finished  cable  item  code  with  cable 
description  is  shown  in  the  example  in  Fig.2.  The  WIP 
codes  have  been  developed  in  a  similiar  way  which 
identify  the  semi-finished  product  at  each  production 
stage.  The  2nd.  part  of  the  finished  cable  item  code  is  a 
numerical  number.  For  each  cable  construction,  a  six 
digit  sequential  numerical  number  is  assigned 
(automatically  generated)  by  the  computer.  This 
computer  number  is  unique  and  without  aiy 
nomenclature  (definition). 
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MANAGEMENT 


COSTING 


MARKETING 


•TENDER  STATUS 
S  PRICES  OFFERED 


•PRICE  ANALYSES 


•RATIO  OF 
DIFFERENT  COSTS 


•OPERATIONAL 

STATISTICS 


•ACCESS  TO  I 
OTHER  MODULES 


•CABLE  DESIGN 


•COST  BREAKUP 

•COSTS  OF  CABLE 
SHIPPED 

•COST  OF  FG  SOLD 
•VARIANCE  ANALYSES 


•material 

PLANNING 


•CAPACITY 

PLANNING 


•M.O. 

PROCESSING 


•FINISHED  CABLE 
PRICE 

•STATUS  REPORT 
ON  OUATATION 
I  CUSTOMER 
ENQUIRIES 

•ANALYSES  ETC. 
(ENO.'M.O. ) 


-Sub-modu I es 


PLANNING 


BLACK  BOX  ACCESS  KEYS 


SELECT  VIEW  PRINT  L-123 


1.  ITEM  CODE  (COMPUIER  NO) 

2.  INQUIRY  NO. 

3.  M.O.  NO. 


Fig.  1.  The  Black  Box  Concept. 


The  above  cable  item  code  structure  offer  almost 
unlimited  flexibility  with  respect  to  defming  a  cable 
construction  complying  with  a  particular  specification 
taking  into  account  manufacturing  and  process  limitations 
of  a  cable  plant.  Some  examples  of  these  item  code 
designations  are  given  in  table  1  which  demonstrate  it's 
application  to  a  number  of  known  standards  for  telephone 
cables. 

STAWPARP  AND  NON-STANDARD  CABI.E 
CONSTRUCTIONS 

For  cable  manufacturers,  the  standard  cable  constructions 
are  those  of  their  own  country's  utilities  (PT&T  and 
Telecom  organizations).  For  instance,  for  North 
American  manufacturers,  the  standard  products  are  those 


complying  with  REA  specifications,  UL  standards,  and 
various  cable  specification  of  Telecom  utilities  etc.  For 
these  manufacturers,  VDE  standards  and  French 
specifications  which  are  based  on  quad  cable  construction 
are  non-standard.  The  I_MACS  concept  is  based  on  first 
initializing  the  system  with  standard  cables  of  the 
company  (usually  those  products,  listed  in  it's 
catalogs/leaflets).  Then  any  new  cable(s)  specified  in 
customer's  inquiries  are  to  be  designed  and  deviations 
from  standard  recorded.  The  deviations  (if  any)  in  a 
cable  construction  are  recorded  by  I_MACS  by  assigning 
a  five  digit  computer  number  called  as  computer 
deviation  no.  The  deviation  numbers  are  not  only  used 
for  new  cable  types  but  also  for  standard  cables  where  a 
different  material  type  or  it's  application  and/or  test 
requirements  are  requested.  The  deviation  no.  as  shown 
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TABLE  -  1 


CABLE  ITEM  CODES  AND  CONSTRUCTIONAL  VARIATIONS 
CABLE  SIZE  :  300  x  2  x  0.40  (example) 


ITEM  CODE 

COMP.  NO. 

CABLE  CONSTRUCTIONAL  VARIATIONS 

SPECIFICATION 

PENRAL 

100101 

F/Skin  ins.,  Rlisd,  10  pairs  based  S/unit.Ai. screen  A  PE  sheath.  Low  Capacitance  :  42  nF/Km 

lEC  708-2 

PENCAL 

100102 

F/Skin  ins..  Filled,  but  12,13.25  pairs  S/unitAI. screen  &  PE  sheath.  Low  Capacitance  :  42  nF/Km 

lEC  708-2 

PENQAL 

100103 

F/Skin  ins..  Fitted,  5  quads  based  S/unit.  Al.screen.PE  sheath.  Low  Capacitance  :  42  nF/Km 

lEC  708-2 

PETRAL 

100104 

F/Skin,  Fitted,  10  purs  based  S/unitAI. screen  &  PE  sheath.  High  Capacitance  ;  55  nF/Km 

lEC  708-2 

PUTRAL 

100105 

PE  solid  ins.  Un-Filted  ,  At.  screen  A  PE  sheath,  High  Capacitance  :  55  nF/Km 

lEC  708-3 

PUTRALO 

100106 

PE  solid  ins..  Un-Riled,M.screen,  PE  sheath  SeH-Supporbng  Cable,  Hig  Cap.  :  55  nF/Km 

lEC  708-4 

PENRALGl 

100107 

F/Skin  ins..  Filled, At.  screen  .  double  galv.  steel  tape  armoured,  PE  sheath,  Low  Cap.  :  42  nF/Km. 

lEC  708-2 

PASCAL 

100201 

PE  solid  ins..  Filled.  12.13;  25  pairs  S/unit,  Corr.  Al..  screen.  PE  ^eath,  Hig  Cap. :  52  nF/Km. 

REAPE-39 

PASCAZL 

100202 

PE  solid  ins..  Filled,  12,13,25  pairs  S/unit.  Corr.  Al..  screen.  Corr.  steel  tape,  PE  sheath,  Hig  Cap.  52  nF/Km 

REAPE-39 

PESCAL 

100203 

F/Skin  ins..  Riled.  12,13,25  pairs  s/unit  Corr.  /U.  screen,  PE  Sehath.  High  Capacitance  i  52  nF/Km 

REAPE-89 

PUSCAL 

100204 

PE  solid  ins.,  Un-Rlled,  12.13,25  pairs  S/unit,  Corr.  Al.  screen,  PE  sheath,  High  Cap. :  52  nF/IOn 

REAPE-23 

PU5CALO 

100205 

PE  solid  ins.,  Un'-Rlled,  12,13,25  pairs  S/unit,  Corr.  Al.  screen,  PE  sheath,  S.S.Cable,  High  Cap.  :  52  nF/Km 

REAPE-38 

PIXRAL 

100301 

PE  Foam..  Riled,  10  pair  based  s/unit.  Al.  Screen,  PE  sheath.  High  Cap. ;  56  nF/Km 

CW  1128C 

PYXCAL 

100302 

Callular  Foam  Ins.,  Un-Filled,  12  13  &  25  pairs  S/unIt  Al.  Scrsan.  PE  shaalti.  High  Copadtanca  :  52  nF/Km 

CW  1224  B 

PUTQAL 

100401 

PE  soiid  ins.,  Un-Hllod,  14  quad  based  S/unK,  Al.  Scroan  with  continuity  wira  &  PE  sheath.  High  Cop. :  52.5  nF/Km. 

L123(Franch) 

PAXQALGL 

100501 

PE  solid  ins..  Filled,  5  quads  based  S/unit,  Al.  Screen,  Double  GST  armour  &  PE  shaath  .  High  Cap. :  50  nF/Km. 

VDE816 

below,  consists  of  two  parts,  the  first  part  consists  of  2 
digits  which  represent  the  production  work  station  and 
the  second  part  is  a  sequential  numerical  number  assigned 
to  a  certain  deviation  in  cable  design. 


[I 

1 

0 

3 

TWI 

TWN 

GTW 

DTU 

DTA 

FIL 

JKT 

ART 

REW 

— 

01 

02 

03 

04 

05 

06 

07 

08 

09 

— 

The  production  work  stations  are  also  codified,  abbre¬ 
viated  as  follows  (example); 

TWI  -  Tandem  drawing  and  wire  insulation  line 
TWN  -  Twinner  for  pairs  (spare  pairs) 

GTW  -  Group  twinning  (10,12, 13,25pairs  &  quad 
conventional,  X-stranding  or  S-Z  stranding) 
DTU  -  Drum  twister  (unit  maker  SO,  100  pairs) 

DTA  -  Drum  twister  (core  assembly) 


FIL  -  Filling  line  (filling  process  can  also  be  in 
DTA  or  JKT  lines) 

JKT  -  Tandem  (filling),  screening,  (corrugated 
armouring)  and  jacketing  lines. 

ART  -  Tape  armouring  line 
REW  -  Rewinding  line 
-  -  Etc. 

The  standard  cable  constructions  to  various  specifications 
are  shown  in  table  1.  The  cable  description  of  first  item 
code  PENRAL  with  computer  no.  100101  is  as  follows; 

"Plain  annealed  solid  copper  conductor.  Foam-skin 
insulated,  paired,  unit  type,  filled  (based  on  10  pairs 
cross-stranded  basic  sub-unit),  polymer  coated  aluminum 
tape  screen.  LDPE  sheathed,  low  capacitance  (42 
nF/Km),  local  telephone  cable  to  lEC  708-2". 

Say  this  cable  and  others  with  similar  construction  is 
standard  for  a  company  "ABC",  which  has  established 
the  design  and  process  parameters  and  the  company 
supplied  hundreds  of  Km  to  it's  customer(s).  The 
longitudinal  water  penetration  test  requirement  for  this 
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ALPHABETICAL  PART  OF  ITEM  CODE  STRUCTURE 


1  s  t 


FIXED 


CABLE  DESIGN 


INTERCHANGEABLE  UNLIMITED 


MATERIAL  APPLICATION 


CABLE  SIZE 


NO.  X  PAIR  X  DIA. 


CONDUCTOR  : 


PLAIN  ANN.CU  SOLID  COND. 
TINNED  ANN.  CU. SOLID  COND. 
HARO  DRAWN  CU.  SOLID  COND. 
COPPER  CLAD  STEEL  WIRE 


INSULATION 

J/F 

U/F 

A 

U 

- 

PE 

SOLID 

I 

Y 

- 

PE 

INS.  FOAM 

•-E 

K 

- 

PE 

FOAM  SKIN 

V 

0 

- 

PVC 

INS 

X 

X 

" 

NON 

.  STO. 

CAPACITANCE  : 

B 

.  49 

nF/KM 

-N 

-  42 

nF/KM 

F 

-  44 

nF/KM 

S 

-  52 

nF/KM 

T 

-  55 

nF/KM 

M 

-  75 

nF/KM 

X 

-  NON 

1  STO. 

STRANDING  : 

>  CONVENTIONAL  STRANDING  (GROUP) 

-  CROSS  STRANDING  (GROUP) 

'  INDIVIDUAL  PAIRS  CONCENTRIC  LAYER 

-  S-Z  STRANDING  (GROUP) 

-  QUAD  STRANDING 


Example  (Default  Setting) 
PENRAHGL  Plain  ann 


SCREEN  MATERIALS 

-A  -  POLYMER  COATED  ALUMINUM  TAPE 
C  -  FULLY  ANNEALED  COPPER  TAPE 
S  *  FULLY  ANNEALED  COPPER  CLAD 
STAINLESS  STEEL  TAPE 


SHEATHING  MATERIALS 

•L  -  LOW  DENSITY  POLYN.  (LDPE) 

M  >  MEDIUM  DENSITY  POLY.  (MDPE) 
«H  -  HIGH  DENSITY  POLYN. (HOPE) 

V  -  POLYVINYL  CLORIOE  (PVC) 

F  -  HALOGEN  FREE  LOW  SMOKE  (LSF) 


ARMOURING  MATERIALS 

*6  “  GALVANIZED  STEEL  TAPE 

Z  -  POLYMER  COATED  STEEL  TAPE 
W  -  GALVANIZED  STEEL  WIRE 


OTHER  MATERIALS 

0  -  STRANDED  STEEL  WIRES  CORE 
MESSENGER  (S.S. CABLE) 


Plain  annealed  Copper  conductor.  Foam*sRin.  Jelly  filled. 
Cross-stranded, Polymer  coated  aluminum  tape  screen, HOPE  Jacket, 
Galvanized  double  steel  tape  armour,  LDPE  outer  jacket, 

42  NF/km  average  mutual  capacitance. 


Fig.  2.  Iten  Code  Structure  -  Cable  Desig)  and  Material  Definitions 


cable  per  lEC  708-2  is  24  hours  on  a  3  meter  cable 
length  (T-type  test  method).  A  specific  customer  may 
want  the  same  cable  meeting  the  W.P.  test  for  14  days  on 
a  one  meter  cable  length  (L-type  test  method).  Now  for 
the  company  "ABC”  with  normal  process  parameters 
and  materials,  it  may  not  be  possible  to  produce  a  fully 
water  tight  cable  meeting  the  14  days  longitudinal  W.P. 
test  requirement,  unless  introducing  in  the  cable  design 
special  water  blocking  (swellable)  tapes  or  yam.  With  a 
water  blocking  tape  application  over  the  polyester 
wnqiped  core  (replacing  the  standard  flooding 
compound)  is  a  deviation  against  ABC's  standard  cable 
construction  and  will  be  recorded  with  a  deviation 
number  as  shown  in  example  1  of  Fig.  3. 

In  example  1  of  Fig.3.,  there  is  only  one  deviation  in  the 
cable  construction  substituting  water  blocking  tape  for 


standard  material  of  flooding  compound  and  assign  a  new 
computer  no.  1001S3  with  a  deviation  no.  07001.  The 
first  two  digits  in  this  deviation  no.  07  indicates  the  stage 
of  operation  or  work  station.  In  this  case  the  W.B  tape  to 
be  applied  longitudinally  over  the  polyester  tape  in 
tandem  with  aluminum  tape  screening  and  LDPE 
extrusion  in  the  sheathing  line.  Example  2.  is  with  two 
deviations  for  material  type  and  jacket  thickness  and 
example  3.  is  with  four  deviations  in  the  cable  for 
number  of  spare  pairs  (4  pairs  instead  of  2  pairs)  basic 
unit  construction  (12,13,25  pairs  instead  of  standard  10 
pairs  subunit),  corrugated  polymer  coated  aluminum  tape 
screening  (instead  of  plain  tape)  and  2.3  mm  jacket 
thickness  (instead  of  standard  1.5  mm).  The  item  code  in 
example  4.  is  without  any  deviation  although  HDPE 
sheathing  material  is  substituted  for  standard  LDPE. 
Since  this  material  variation  is  shown  with  in  the  item 
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STAMOARO  ITEM  CODE  :  PEHRAL-  3MX2X9.49 
COMPUTER  NO  ; 


« 

ITEM  CODE 

COMP.NO. 

DEV.NO. 

0ESC(0EV.) 

STD(DEFAUtT) 

DEVIATION 

1. 

PENRAL-399X2X9.49 

199153 

97991 

MATERIAL 

FLD.  COMPOUND 

W.B.  TAPE 

2. 

PENRAL-399X2X9.49 

199154 

97991 

MATERIAL 

FLO.  COMPOUND 

H.B.  TAPE 

97992 

JKT-THK 

1.S 

2.9 

3. 

PENCAL-39eX2X9.49 

199155 

92991 

1^93991 

SPARE  PAIR 

2 

4 

LU 

1  _ 

CONSTRUCTION 

19  PAIRS 

25  PAIRS 

I 

1 

MATERIAL 

PLAIN  AL.  TAPE 

'  ^97993 

- ^97994 

JKT-THK 

1.5 

2.3 

4. 

PENRAH-399X2X9.49 

199156 

NOT  REQ’D 

LDPE 

HOPE 

Pig.  3.  Example  of  Deviations  from  Standard  Cable  Construction. 


code  designation  (alphabet  "H"  instead  of  "L"),  therefore 
there  is  no  need  to  record  this  variation  with  a  deviation. 
The  most  important  thing  to  note  is  that  each  cable  is 
with  different  computer  no.  which  is  unique.  The 
deviation  no.  07001  is  repeated  two  times  in  example  1 
&  2,  r^resenting  the  same  variation  from  standard 
however,  the  system  records  it  only  one  time  and 
retrieves  it  thru  it's  dictionary  tracking  system  which  is 
linked  with  the  unique  computer  number. 

I  MACS  INITIALIZATION  AND  OPERATION 

The  I_MACS  software  has  been  developed  for  a  multi¬ 
user  environment  and  implemented  on  PC  based  Novell 
local  area  network  as  shown  in  Fig.  4. 


In  order  to  retrieve  various  information  (departmental  as 
well  as  management  reports  and  analyses,  examples  of 
typical  reports  shown  in  Fig.  1),  the  system  needs  to  be 
first  initialized  for  standard  known  products.  This  means 
to  codify  the  standard  products  i.e.  for  each  cable  type, 
an  item  code  (alphabetical  part)  is  to  be  built  which 
defines  the  basic  cable  construction,  material  types,  and 
it's  sequence  of  application.  The  item  code  construction 
is  generally  made  by  a  cable  design  engineer  who  is  able 
to  make  it  in  a  matter  of  few  minutes  (based  on  item 
code  definitions  per  fig.2),  once  the  cable  specification 
are  read  and  it's  requirements  understood.  The  item 
codes  for  each  cable  size  are  then  entered  one  by  one  in 
the  I  MACS.  The  item  code  entry  module  is  shown  in 
Fig.  5(a).  Each  alphabet  of  the  item  code  is  validated 
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(A)  ENTER  ITEM  CODE 


p 

E 

N 

R 

A 

L 

2400X2X0.40 

POP-UP  HELP 

- ►  1 - 1 

P  -  PLAIN  ANN.CU. 
T  -  TINNED  ANN.CU. 
D  -  HARD  DRAWN 


C  -  CLAD  HARO  DRAWN 


(B)  MASTER  ITEM  PILE 


COMP.  NO. 

CODE 

STD 

RUNS 

- 

I0D998 

PENRAL-05flX2X0.40 

S 

STD'92 

- 

100099 

PENRAL-I0OX2XO.4O 

S 

STD’92 

- 

1001 00 

PENRAL-200X2X0.40 

S 

STD’92 

- 

100101 

PENRAL-300X2X0.40 

s 

STD’92 

- 

1 

100120 

PENRAL-2400X2X0.40 

s 

STD'92 

FIG.  5.  IJIACS  Initialization  for  Standard  Products. 

against  the  item  code  structure  and  *help"  window  pops- 
up  incase  a  wrong  alphabet  is  entered  or  help  is  needed 
by  the  user.  After  the  item  codes  for  standard  products 
are  entered,  all  the  items  simultaneously  appear  in  the 
master  item  file  with  computer  number  assigned  to  each 
item  code  as  shown  in  Fig.  5(b)  and  the  system 
initialization  is  completed  for  all  standard  products. 

For  a  customer's  inquiry,  Sales  would  either  quote  the 
standard  product  if  it  is  established  from  customer's 
inquiry  or  offer  exactly  as  per  customer's  requirements. 
In  both  cases.  Sales  enter  the  BOQ  (Bill  Of  Quantity)  i.e. 
cable  size  and  sheathed  KM  (SKM)  in  I_MACS  Sales 
entry  module  as  shown  in  Fig.  6(a).  As  the  BOQ  is 
entered,  item  code  computer  numbers  pops-up  in  a 
window  showing  the  standard  cable  and  non-standard 
cables  of  the  same  size  that  might  have  been  previously 
quoted.  A  further  explosion  of  the  selected  computer 
numbers  will  show  exactly  the  previously  quoted 
customer's  inquiry  no.,  company  name  and  date  of 
quotation  made  for  each  inquiry.  If  none  of  the  previous 
items  are  selected  by  the  S^es  and  wish  to  comply  with 
customer's  specification  requirements,  a  message  in  the 
remarks  column  "To  be  designed"  is  selected  for 
technical  (design  engineering)  department. 

The  Sales  Master  Inquiry  File  is  shown  in  Fig.  6(b) 
which  gives  the  latest  update  on  the  customer's  inquiries. 
As  the  inquiry  numbers  are  scrolled,  the  BOQ  associated 
with  the  inquiry  also  appear  in  the  Bill  of  (Quantity  Files. 
In  Fig.  6(b),  the  inquiry  no.  E134S-R01  has  been  shown 
with  it's  BOQ.  As  seat  in  the  BOQ  screen,  the  3rd.  item 


being  left  to  technical  department  to  design  the  cable  per 
customer's  specifications  requirements. 

The  technical  cable  design  module  is  shown  in  Fig.  7(a). 
As  can  be  seen,  the  BOQ  of  Sales  inquiry  no.  E1345-R01 
is  displayed  where  only  one  item  (size  300  x  2  x  0.4)  per 
Sales  request  to  be  designed  according  to  customer's 
specification.  All  what  is  needed  by  the  deign  engineer, 
to  enter  an  item  code  after  his/her  study  of  the 
customer's  specification.  In  this  case,  he/she  enters 
PENCAL,  the  routing  of  machine-layout  appears 
instantly  with  raw  materials  of  a  standard  cable  (item 
code  :  PENCAL  -  300  x  2  x  0.4  comp.  no.  100102). 
Now  the  design  engineer  has  the  total  flexibility  to 
delete,  add,  replace  and/or  modify  any  material  type, 
it's  application  and  materials  thicknesses  etc.  The 
materials  modified/replaced  to  meet  customer's 
specification  requirements  at  twining  (TWN),  stranding 
(GTW)  and  jacket  extrusion  (JKT)  stage  of  processes  are 
shown  with  computer  deviation  numbers  against  the 
standard  materials  and  cable  construction  (default  values) 
in  Fig.  7(b).  After  the  necessary  modifications  is  made  in 
the  standard  cable  construction,  a  new  computer  no. 
(100155)  is  assigned  sequentially  by  the  computer.  The 
designer  has  the  option  to  view/print  the  bill  of  materials 
for  the  newly  designed  cable  while  still  working  in  the 
temporary  design  file.  After  satisfaction  over  the 
correctness  of  modifications  made,  the  new  cable  is 
formally  released  (release  is  made  with  pass-word 
authorization)  to  Master  Item  File  as  shown  in  Fig.  7(c). 
The  master  item  file  holds  the  total  products  (cable  type 
&  size)  of  a  company  (both  standard  and  non-standard). 
In  Fig.  7(c),  the  items  of  inquiry  E1345-R01  have  been 
added  to  the  existing  product  data  base.  The  master  item 
file  can  be  scrolled  and  the  description  of  deviation(s)  in 
the  cable  construction  (if  any)  appear  simultaneously  as 
shown.  Thus  one  can  know  instantly  the  type  of  cable 
offered  to  a  customer.  The  cable  type  originally 
requested  by  Sales  for  design  has  a  number  of  deviations 
and  it  may  not  be  possible  to  manufacture  due  to  machine 
limitation  for  instance,  in  this  case  the  company  may  not 
have  the  corrugating  machine  to  offer  corrugated 
aluminum  tape  screen  and  hence  the  remarks 
"CONSULT  TECHNICAL"  appear  in  the  remarks 
column  of  master  item  file  for  this  item.  The  design 
operation  of  I  MACS  is  completed  once  the  requested 
product  is  designed  and  the  corresponding  item  code  with 
the  assigned  computer  number  is  released.  The 
information  are  instantly  available  to  Sales  in  their 
Inquiry  Master  File. 

COSTING  &  MANUFACTURING  INFORMATION 

The  status  of  an  inquiry  and  existing  products  listing 
(standard  &  non  standard)  can  be  viewed  by  any  one 
connected  to  the  LAN.  The  items  of  an  inquiry  or  the 
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(A)  SALES  XNQUXRY  ENTRY  PXLE 


INQUIRY  NO  :  EI34S-R0I 
CUSTOMER  NAME  :  NESCO  COMPANY 

AREA  :  JEDDAH 

DATE  ;  04/07/92 

SEGMENT  NAME  :  INDIRECT  PTT 

SALES  EXECUTIVE  NAME  :  X.Y.Z. 

ITEM  CODE 

SIZE 

■ 

QTY.(SKM) 

REMARKS 

PENRAL 

I50X2X9.65 

100163 

112 

300X2X0.44 

*  TO  DSGN 

100 

rLOOK-UPCINOUIRT) . i 

IINQRY.NO  DATE  CUST.  1 

PENRAL 

300X2X0.40 

100153 

40 

t  NAME  1 

-►lEI023>ROt  19/06/92  AGM  1 

PENRAL 

300X2X0.40 

65  j 

1  1 
1E1923-A92  16/96/92  JBM  1 

t 

iLOOK-UP(MASTE 

;)— »  1 

1  1 

1 

1 

t  1 

IEI213-J01  39/96/92  MJK  1 

1 

iiwaidi  s 

1  1 

1  1 

(USER  CAN 

1 

I 

1  1 

1  (THE  ITEMS  ENTERD  BY  SALES! 

1 

it«eiS3  N 

1  1 

1  1 

ENTER  EITHER 

1 

1 

1  1 

1  MIGHT  HAVE  BEEN  QUOTED  1 

A... 

>lia«1S4  N--- 

1  1 

PRODUCT  CODE 

1 

I 

1  PREVIOUSLY)  1 

OR  KNOWN 

1 

1 

IMASTER  FILE 

1 

PTT  CODE) 

_ 

•TO  OSGN  MEANS  NO  AVAIAIBLE  COMPUTER  NO. 

I 

(B)  SALES  MASTER  INQUIRY  FILE 


ENQUIRY  FILE 


TAG 

ENQRY.NO. 

CUSTOMER  NAME 

PROJECT  NAME 

DATE 

TOTAL  KCKM 

ms 

« 

E1345-R01 

SAUDI  COMPANY 

PROJECT  X 

JUL/08/9Z 

Z56.60 

DONE 

- 

E1346-R01 

ABC  COMPANY 

PROJECT  Y 

JUL/08/92 

116.00 

PENDING 

E1347-R01 

CDEF  COMPANY 

PROJECT  Z 

JUL/08/92 

689.59 

PENDING 

BILL  OF  QUANTITY 


5~mi 

TAG 

COMP .NO. 

CODE 

STD 

QTY 

KCKM 

RMKS 

- 

100153 

PENRAL-300XZX0.40 

N 

40 

24.00 

BRIEF  0E5C. 

- 

100154 

PENRAL-300X2X0.40 

N 

65 

39.00 

(OPTIONAL  ) 

- 

TO  DSGN 

-300X2X0.40 

N 

100 

40.00 

: 

100163 

PENRAL-150XZX9.65 

N 

112 

33.60 

Fig.  6.  User  Interface  for  Sales  Departnent 


Master  Item  File  are  tagged  (selected)  to  generate  a 
particular  information.  The  sequence  of  operation  to 
generate  the  manufacturing  cost  and  final  prices  of  the 
items  in  the  inquiry  no.  E  1345-ROl  is  as  follows; 

The  black  box  computes  the  bill  of  materials,  for  each 
size  and  dimmsional  data  from  inlet  drawing  copper 
conductor  diameter  to  the  outside  finished  cable 


diameter.  The  in-process  reels  sizes,  the  batch  lengths  at 
each  production  stage  are  determined  and  machine  hours 
per  Km  computed.  These  information  along  with  the 
machine  rates  ($/Km),  raw  material  prices  ($/Kg),  direct 
/  indirect  labour  costs  ($/Km)  and  fectory  overhead  etc. 
will  give  the  manufacturing  cost  and  thus  final  prices  of 
the  selected  products  (inquiry)  are  di^layed.  Further 
options  in  respect  of  analyses  of  what  price  to  be  quoted 
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(PROCESS  STAGE) 


«l  f  «2  I  03  04  05  06  f  07  06 


I  STD  (DEFAULT) 

I 

[WRAPPING  TAPE [POLYESTER 
I  WIDXTHK  ;t»»X«.»Snii 
[SCREEN  :POLY  AL. 

[  WIDXTHK  ;l*«X».Zim 
[JKT  MTR  :LDPE 

[JKT  THICKNESS:1 .5 

DEVIATION  FILE  . . 


FIG. 7  Design  Engineering  Entry/Output  MocXile  For  MON-STD  Products. 


to  customer  is  provided  to  the  Sales/Marketing 
department.  The  main  manufacturing  information  that 
I_MACS  generate  are;  mill  order  (M.O),  work  order 
(W.O),  design  manufacturing  specification  (DMS  which 
is  the  cable  design  parameters  as  it  will  be  produced  at 
the  shq>  floor  at  each  production  machine)  and 
manufacturing  layout  (machine  routing,  reel  sizes  (pay¬ 
off/take-up  sizes),  wire/assembled  core/cable  length  in 


each  bobbin/reel,  industrial  engineering  standard  i.e. 
machine  hours)  besides  raw  material  weights  and  widths 
of  various  tapes  etc. 

The  typical  reports/data  that  each  department  can 
generate  out  of  the  computed  information  by  the 
I_MACS  are  shown  in  Fig. I. 
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(C)  MASTER  ITEM  FZLEWXTH  DEVIATION  VIEW  FILE 


MASTER  ITEM  FILE 


IQ 

CODE 

STD 

RMKS 

■ 

PENRAL-300X2X0.40 

S 

- 

I00IS3 

PENRAL-300X2X0.40 

N 

- 

100IS4 

PENRAL-300X2X0.40 

mm 

- 

■ 

100155 

PENCAL-300X2X0.40 

U 

»  CONSULT  TECHNICAL 

■ 

100163 

PENRAL'I50X2X0.65 

■■ 

- 

•  MANUFACTURE  IMPOSSIBLE 

DEVIATION  FILE 


COMP.  NO. 

DEV.NO.  OESC(DEV) 

STDfDEFAULT) 

DEVIATION 

07001 

MATERIAL 

FLD.  COMPOUND 

W.B.  TAPE 

07001 

MATERIAL 

FLD.  COMPOUND 

W.B.  TAPE 

M 

07002 

JKT-THK 

1.5 

2.0 

100155 

02001 

SPARE  PAIR 

2 

4 

ft 

03001 

CONSTRUCTION 

10  PAIRS 

25  PAIRS 

ft 

07003 

MATERIAL 

PLAIN  AL.  TAPE 

CORRUG.  AL.TAPE 

ft 

07004 

JKT-THK 

1.5 

2.3 

100163 

07001 

JKT-THK 

1.5 

2.0 

FIG.  7.  Design  Engineering  Entry/Output  Module  For  NOM-STO  Products. 


£Q] 


CIIJCL 


JATION  OF  WORK 


The  work  on  some  I_MACS  modules  is  in  progress.  This 
includes  capacity  planning  module,  shop  floor  actual 
production  ^ta  retrieval  module  and  flnal  quality  control 
(inspection)  data.  Besides,  connecting  the  tele-cable  LAN 
to  wide  area  network  to  provide  information  to  the 
corporate  office  over  a  dedicated  lease  line. 

CONCLUSION 

A  user  friendly  single  instruction  driven  computerized 
manufacturing  and  costing  system  implemented  on  PC 
based  LAN  integrates  the  information  between  the 
various  departments  responsible  for  cable  design, 
planning,  manufacturing,  quality  control,  costing  and 
sales.  The  key  objective  of  promptly  responding  to 
customer's  inquiries  for  cable  requirements  (tenders)  is 
achieved  i.e.  quoting  price  and  delivery,  maintaining 
accurate  manufacturing  data  and  tiacibility  of  various 
documents  from  sales  to  production  and  finished  goods 
manufactured.  The  system  after  implementation  can  be 
fine  tuned  by  replacing  the  design  and  process  parameters 
by  practical  data  obtained  thru  SPC  and  other  established 
procedures  implemented  on  the  production  shop  floor. 
The  system  ftus  generates  as  close  as  possible  the 
materials  and  operational  cost  variances.  The  system 
though  uses  a  common  dbase  language  does  not  have 
large  data  base,  mostly  generates  the  manufacturing  and 
costing  dated  by  itteiatively  computing  the  cable 
design/process  parameters.  The  pitqwsed  item  code 


structure  (cable  designation  codes)  has  been  tested  for  a 
number  of  cable  types  complying  to  known  National  and 
International  standards  as  well  as  other  telephone  cable 
constructions  for  specific  application  with  special 
material  requirements. 
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The  Development  of  a  Cost  Effective,  Environmentally 
Friendly  Method  for  Lagging  Wire  and  Cable  Shipping  Reels 


Joseph  A.  Hill  Christopher  E.  Hall 


AT&T  Fitel  Sonoco  Products 

Company 

Introduction 

A  new,  flexible  lagging  material  has  been 
developed  which  is  designed  to  provide 
thermal  and  mechanical  protection  during  the 
shipment  of  fiber  optic  telecommunication 
cable.  It  is  manufactured  with  an  extruded, 
water  resistant  board  comprised  of  post 
industrial  recycled  paper  and  plastic 
sandwiched  in  between  a  treated  outer  sheet 
of  non-woven  polypropylene  and  an  inner 
sheet  of  polypropylene  foam.  This  paper  will 
examine  the  stated  goals  and  anticipated 
benefits  of  using  this  new,  flexible  lagging  in 
lieu  of  traditional  lagging  materials.  We  will 
review  the  development  of  this  product  to  its 
current  construction  and  examine  the  rationale 
at  critical  decision  points.  We  will  discuss 
test  methods  and  data  which  support  this  new 
product  as  a  viable,  cost  effective  alternative 
to  current  thermal  and  mechanical  lagging 
methods.  Finally,  we  will  present  data  which 
supports  the  effectiveness  of  this  material  in 
the  field. 


Background 

The  need  for  a  product  which  adequately 
protects  fiber  optic  cable  against  impact, 
compression  and  abrasion  combined  with  the 
concern  over  recycling  and  disposal  issues  led 
Sonoco  Products  Company's  Baker  Division, 
C&S  Associates,  and  AT&T  Fitel  to  begin 
field  testing  a  new  lagging  material  with  Bell 
Atlantic  in  June  of  1991. 

The  new  lagging  material  contains  over 
80%  post  industrial  waste  paper  and  plastic  by 
weight  and  can  be  recycled.  This  is  a  positive 
for  both  domestic  and  export  shipments  since 
the  use  of  recycled  material  reduces  the 
tonnage  of  packaging  entering  the  waste 
stream.  In  addition,  on  export  cable 
shipments,  most  countries  require  treatment  of 
wood  products  (reels  and  lagging)  with 
Copper  Napthenate,  which  is  classified  as  a 
hazardous  material  by  the  EPA.  The  use  of 
this  new  material,  which  does  not  require  such 
treatment  eliminates  the  need  for  treated  wood 
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C&S  Associates 

lagging,  minimizing  the  customer's  cost  of 
handling  and  disposal  overseas. 

The  product  significantly  improves  the 
labor  efficiency  and  the  overall  cost 
effectiveness  of  the  lagging  process.  Due  to 
the  modified  application  process  at  the  cable 
manufacturer,  which  entails  laying  the 
material  directly  on  the  cable  surface  and  then 
strapping  the  material  on  the  loaded  reel,  the 
potentially  hazardous  practice  of  nailing  wood 
lags  onto  the  reels  is  eliminated.  This  process 
modification  also  significantly  reduces 
lagging  time.  Time  savings  ranging  from  34% 
on  a  42"  diameter  reel  to  64%  on  an  88" 
diameter  reel  were  documented  at  a  number  of 
major  fiber  optic  cable  manufacturers  when 
utilizing  a  specially  designed  portable  payoff 
stand. 

Field  operators  also  report  significantly 
improved  labor  efficiency  in  handling  the  new 
lagging  material.  Prior  to  switching  to  this 
material,  the  tools  required  to  handle  lagging 
removal  in  the  field  were  hammers  and 
crowbars,  since  the  wood  lagging  was 
normally  nailed  and  strapped  onto  the  reels. 
Field  operators  are  now  able  to  use  pliers  to 
remove  the  strapping  applied  at  the  cable 
manufacturer  and  tape  and  scissors  or  plastic 
banding  to  reapply  the  material  in  the  field 
after  testing  the  cable. 

Additional  cost  savings  are  gained  through 
lower  package  weight  and  more  efficient 
storage.  The  new  lagging  material 
consistently  weighs  70-80%  less  than 
traditional  wood  lagging  on  both  wooden  and 
steel  reels  ranging  in  size  from  32"  to  96"  in 
diameter.  Storage  space  has  been  reduced  by 
up  to  S0%  due  to  the  ability  to  pyramid  stack 
the  rolls  of  material  versus  the  palletizing 
required  for  wood  lagging. 

From  an  aesthetics  standpoint,  the  product 
does  not  warp  or  discolor  like  wood.  Also, 
the  treated  outer  sheet  of  Typar  allows  for 
custom  printing  of  logos  and  handling 
instructions. 
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This  new  lagging  material  is  particularly 
well  suited  as  a  replacement  for  traditional 
wood  lagging  given  the  current  political 
climate  surrounding  packaging  in  this 
country.  Legislators  in  1992  continue  the 
trend  of  aggressively  pursuing  the 
development  of  bills  which  will  strictly 
mandate  recycled  content  and  disposal 
methods  for  both  industrial  and  consumer 
packaging.  (A  prime  example  is  House  Bill 
HR  3865,  which  would  require  every  package 
used  in  the  U.S.  to  meet  one  of  three 
standards:  1)  Contain  25%  recycled  material 
(escalating  to  50%  by  2001);  or  2)  Be 
reusable  5  times;  or  3)  Use  between  15  and 
20%  less  material  than  the  same  or  similar 
package  used  for  the  same  product  five  years 
before.) 

The  necessary  infrastructure  is  in  place  to 
handle  reclamation  of  this  product  from  the 
end  users  and  a  key  part  of  the  manufacturer's 
commitment  in  providing  this  material  to  the 
industry  is  to  actively  coordinate  such  a 
reclamation  effort. 


Typar 


Edgeboard 


PP  Foam 


Cross-section  of  lagging  material 


Development  Process 


Rationalize  Choice  of  Materials 


Typar:  10.0  mil  thick,  polypropylene 
coated  Typar  was  chosen  over  other  outer 
sheet  materials  due  to  a  variety  of  superior 
physical  characteristics.  A  nonwoven, 
spunbonded,  continuous  filament 
polypropylene,  it  combines  a  low  basis  weight 
of  2.6  oz/yd’  with  high  tensile  and  tear 
strength  in  all  directions  due  to  uniform  stress 
distribution.  Unlike  woven  fabrics,  it  will  not 
ravel  or  fray  and  can  be  slit  with  a  clean  edge. 
The  material  is  temperature  resistant  as  well, 
with  a  melt  temperature  in  excess  of  165*  C 
(330*  F).  A  UV  inhibitor  coating  provides 
exceptional  resistance  to  extended  exposure  in 
the  field. 


have  a  tendency  to  swell  when  exposed  to 
some  hydrocarbons  and  chlorinated  solvents. 
The  material  is  insoluble  at  room  tempera¬ 
ture,  shows  excellent  resistance  to 
environmental  stress  cracking,  and  is 
hydrophobic.  The  material  also  provides  an 
excellent  surface  for  printing  logos  and 
handling  instructions. 

Edgeboard:  The  core  board  is  a  critical 
element  in  providing  the  mechanical  protec¬ 
tion  to  the  cable.  A  wide  variety  of  core 
boards  were  tested  prior  to  the  selection  of 
Edgeboard,  with  a  broad  criteria  of  adequate 
impact  and  compression  strength,  moisture 
resistance,  and  cost  effectiveness.  One 
hundred  percent  poly  boards  were  tested  and 
met  all  requirements,  but  were  not  cost 
competitive  against  standard  wood  lagging. 
One  hundred  percent  kraft  paper  boards  were 
cost  competitive  but  did  not  resist  moisture 
over  extended  exposure  causing  severe 
delamination  both  of  the  board  itself  and  from 
the  foam  and  typar  layers. 

The  core  board  is  produced  through  a 
patented  extrusion  process  by  Sonoco 
Products  Company.  The  process  allows  the 
manufacturer  to  combine  post  industrial  and 
consumer  poly  and  paper  through  a  shredder 
that  feeds  into  an  extrusion  line.  The  blend 
of  poly  and  paper  is  then  wrapped  inside  a 
kraft  paper  outer  layer  to  provide  additional 
strength  and  stiffness.  These  boards  are  cut 
to  length  and  delivered  to  the  converting  line 
after  curing  for  a  minimum  24  hour  period.  A 
positive  feature  of  the  patented  technology  is 
that  the  manufacturer  can  take  the  reclaimed 
lagging  material  from  end  users  in  the  wire 
and  cable  industry  and  shred  it  into  new  raw 
material  for  the  core  board.  As  noted  under 
the  heading  "Finished  Product  Evaluation," 
this  product  meets  or  exceeds  industry 
thermal  protection  criteria  allowing  cable 
manufacturers  the  option  of  eliminating 
thermal  wrap. 

Cycle  testing  was  completed  on  samples  of 
both  the  core  board  and  the  lagging  material 
to  determine  the  effect  of  repeated  soakings 
and  drying  on  the  integrity  of  the  product. 

Five  pieces  measuring  .  160"x3.0"x6.0" 
were  completely  immersed  in  68*  F  water  and 
left  to  soak.  AHer  24  hours,  the  product  was 
air  dried  for  24  hours  in  72°  F  environment. 
This  cycle  of  soak/dry  is  intended  to  demon¬ 
strate  performance  of  both  the  core  board  and 
the  lagging  material  in  extremely  wet  field 
conditions. 


The  material  is  inert  to  most  acids,  alkalis, 
and  salts.  Like  all  polypropylenes,  it  does 


After  removing  from  soaking  and  prior  to 
air  drying,  the  material  was  measured  for 
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indicate  moisture  absorption.  Prior  to 
initiating  a  new  cycle  the  material  was 
visually  checked  for  delamination  and  flexed 
to  determine  any  loss  of  rigidity,  two 
characteristics  deemed  essential  for  effective 
cable  protection.  After  three  complete  cycles 
there  was  no  significant  change  in  board 
thickness  (less  than  5%  variation)  and  no 
visual  evidence  of  delamination  or  loss  of 
rigidity. 

Foam;  A  1/16"  thick  tow  density 
polypropylene  foam  was  chosen  for  the 
internal  face  of  the  lagging  which  rests 
directly  on  the  cable  surface.  The  two 
primary  functions  of  this  layer  are  to  provide 
cushioning  from  impact  and  compression  and 
to  enhance  the  thermal  protection  of  the 
overall  wrap.  The  material  used  has  a  density 
rating  of  0.7  Ibs/ft*  and  a  water  absorption 
rate  of  .0003  Ibs/ft’  area,  making  it  virtually 
hydrophobic.  Thermal  conductivity  and 
resistance  characteristics  were  tested  by  the 
manufacturer  under  ASTM-C-177  Steady  State 
Thermal  Transmission  Properties  by  Means  of 
the  Guarded  Hot  Plate.  The  product  exhibits 
a  thermal  conductivity  rate  of  0.27  BTU/hr 
ftVF/in  and  a  thermal  resistance  rate  (R 
factor)  of  3.7  (1")  Hr/ftVF/BTU.  The  material 
has  a  melt  point  of  160“  C  (320°  F)  as 
determined  by  ASTM-D-789  Test  Method  for 
Determination  of  Relative  Viscosity  Melting 
Point  and  Moisture  Content. 

Adhesives:  The  product  is  bonded  with  a 
sprayed  hot  melt  adhesive.  The  criteria  used 
to  evaluate  adhesives  was  successful, 
consistent  application  of  uniform  quantities  of 
material  across  the  slats  on  a  high  speed  con¬ 
verting  line  and  a  product  which  demonstrated 
superior  resistance  to  extreme  environmental 
conditions.  Testing  to  quantify  the 
performance  of  the  adhesive  at  temperature 
and  moisture  extremes  was  completed  by  the 
manufacturer  during  June  1992. 

Typar  and  polyethylene  foam  were  bonded 
to  the  core  board  in  a  laboratory  environment 
and  allowed  to  cure  for  24  hours.  After  cure 
the  testing  was  conducted  on  six  samples  as 
follows: 

First,  six  samples  were  placed  in  an  oven 
for  72  hours  at  +60“  C  (158°  F).  Two  were 
visually  checked  for  adhesion  after  heating. 
Four  of  the  six  samples  were  then  cooled  to  - 
30“C  (-20“  F)  for  24  hours.  Two  samples  were 
soaked  for  24  hours  after  the  initial  heating. 


After  the  -30°  C  cycle,  those  samples  were 
flexed  and  a  visual  inspection  made  to  check 
for  a  sufficient  bond  before  peel  testing. 


After  the  cycles  of  +70“  C,  -30“  C  and  the 
water  soak,  two  samples  were  peeled  and 
checked  for  substrate  destruction. 

After  the  +70°  C  cycle,  the  samples,  when 
peeled,  showed  kraft  destruction,  indicating  a 
strong  bond  between  the  adhesive,  the  core 
board,  the  top  sheet  and  the  foam.  Samples 
were  flexed  after  the  -30“  C  cycle  without  any 
delamination  and  peeling  and  showed  slight 
poly  destruct  indicating  a  strong  bond  to  the 
adhesive.  The  water  soak  showed  no  delami¬ 
nation  of  the  lagging  material  and  no 
degradation  of  the  core  board. 

In  summary,  the  adhesive  met  our  expecta¬ 
tions  under  cycles  that  represented  extreme 
environments  which  the  material  could 
encounter  after  being  in  the  field  for  approx¬ 
imately  one  year. 

Payoff  Stand  Development 

In  August,  1991,  we  determined  that 
projected  efficiency  gains  in  the  lagging 
department  of  the  cable  manufacturer  could 
only  be  met  with  the  installation  of  a 
mechanical  payoff  stand.  We  contacted  three 
automated  payoff  stand  manufacturers  for 
quotes  and  concepts.  The  equipment  proved 
to  be  far  too  sophisticated  for  our  needs.  In 
response,  Baker  generated  an  in-house  request 
to  engineering  for  concepts  and  costs  on  a 
simple  "A”  frame  stand  with  the  capability  to 
effectively  dispense  the  lagging  material.  An 
initial  prototype  was  developed  for  AT&T 
Fitel  with  two  roll  capability.  Delivery  was 
made  in  December,  1991. 

In  February,  1992,  we  met  with  AT&T 
Fitel  lagging  department  personnel  for 
recommended  modifications.  A  third  pintle 
was  added  to  allow  for  three  roll  capability 
and  new,  locking  rollers  were  installed  on  the 
base  of  the  stand  for  improved  mobility  in  the 
shop.  As  of  June,  1992,  this  second 
generation  Payoff  stand  is  in  service  at  AT&T 
Fitel  and  other  major  fiber  optic  cable 
manufacturers. 

Testing  of  Product 
Finished  Product  Evaluation 

After  the  performance  of  the  individual 
lagging  components  was  determined,  the 
finished  product  was  tested  to  determine  the 
level  of  protection  it  gives.  The  lagging 
material  was  tested  for  both  mechanical  and 
environmental  performance.  Because  there 
are  no  industry  standard  tests  for  the 
mechanical  performance  of  lagging  materials, 
we  chose  to  evaluate  its  performance  by 
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we  chose  to  evaluate  its  performance  by 
comparing  a  cable's  optical  performance  when 
tested  with  and  without  the  presence  of  the 
lagging  material.  We  chose  to  perform  impact 
and  compression  testing,  as  they  are  the  most 
severe  mechanical  tests  and  most  closely 
simulate  actual  reel  handling  conditions.  For 
testing,  twelve  fibers  were  monitored  by 
connecting  them  to  an  LED  operating  at  1440 
Nm  and  a  power  meter  through  two,  thirteen 
channel  optical  switches.  A  reference  fiber 
was  also  used  for  monitoring  the  light  source 
power  variation.  The  testing  was  conducted 
in  accordance  with  EIA-455-25A,  Impact 
Testing  of  Fiber  Optic  Cables  and  Cable 
Assemblies.  Cable  samples  were  impacted  25 
times  using  a  4  kilogram  mass  dropped  for 
150  mm.  There  was  no  increase  in  attenuation 
or  cable  damage  when  tested  either  with  or 
without  the  use  of  the  lagging  material. 

The  impact  of  the  lagging  material  was 
also  tested  per  ASTM  D  3029-84.  The  test 
equipment  consisted  of  a  drop  hammer  mass 
capable  of  delivering  an  impact  of  0  to  18.1 
Newton-meters  onto  a  1.27  cm  (0.5  inch) 
hemispherical  die.  The  failure  criteria  during 
impact  testing  was  originally  considered  to  be 
visual  damage  to  the  lagging.  Using  this 
criteria,  the  impact  strength  of  the  lagging 
was  rated  at  14.1  Newton-meters.  We  retested 
the  lagging  on  top  of  a  cable,  and  changed  the 
failure  criteria  to  cable  damage.  We  tested  to 
18.1  Newton-meters  using  this  particular 
apparatus.  There  is  no  standard  test  method 
for  impact  testing  of  lagging,  but  it  was 
apparent  that  the  use  of  lagging  greatly 
decreases  damage  to  the  surface  of  the  cable 
due  to  impact. 

The  product  was  also  tested  for 
compression  resistance.  The  testing  was 
performed  in  accordance  with  EIA-455-41 
Compression  Loading  Resistance  of  Fiber 
Optic  Cable.  Several  samples  were  tested 
with  and  without  the  protection  of  lagging 
material,  the  cable  was  able  to  withstand 
approximately  20  percent  more  load  while 
maintaining  equivalent  performance.  In 
addition,  the  lagging  alone  was  compressed  to 
the  machine  limit  of  32,000  kg/m’,  and 
exhibited  no  damage. 

The  lagging  was  tested  for  thermal 
protection  per  REA  Specification  PE-90, 

Filled  Fiber  Optic  Cable,  and  Bellcore  TR- 
TSY-000020,  Issue  4,  Generic  Requirements 
for  Optical  Fiber  and  Optical  Fiber  Cable. 

The  REA  test  procedure  required  two  cable 
samples  to  be  placed  against  an  insulating 
material.  A  thermocouple  is  attached  to  the 
surface  of  each  cable,  and  one  of  the  samples 
is  covered  with  the  thermal  barrier  under  test. 


A  radiant  heat  source  capable  of  heating  the 
uncovered  cable  surface  to  70°  C  (160°  F)  is 
used  to  simulate  solar  radiation.  The  source 
is  turned  on  until  the  temperature  of  the 
samples  stabilizes.  The  difference  in 
temperature  between  the  jacket  with  the 
thermal  wrap  and  the  bare  cable  sample  must 
be  greater  than  or  equal  to  17°  C  (31°  F).  This 
test  was  performed  using  the  lagging  material 
as  a  thermal  wrap,  and  the  uncovered  sample 
had  a  temperature  of  76.7°  C  (170°  F)  while 
the  covered  sample  had  a  temperature  of  52.9° 
C  (127°  F).  The  temperature  difference  of 
23.9°  C  (43°  F)  easily  met  the  requirement. 

The  thermal  protection  was  also  tested 
using  Bellcore  requirements.  A  thermocouple 
was  attached  to  the  surface  of  a  cable  on  a 
reel,  and  lagging  was  placed  over  the  cable. 
The  cable  was  placed  outdoors  in  direct 
sunlight  on  June  6,  1991,  from  8:45  AM  to 
4:45  PM.  Each  hour,  the  cable  surface 
temperature  and  the  ambient  temperature  were 
measured.  Bellcore  requires  that  the  cable 
surface  temperature  be  no  greater  than  10°  C 
(18°  F)  above  the  ambient  temperature  under 
maximum  solar  radiation.  The  maximum 
difference  during  our  test  was  5.8°  C  (10.4° 

F).  The  graph  below  shows  the  ambient  and 
cable  surface  temperatures  during  the  test. 


Thermal  Testing  of  Lagging  Material 

Ambient  vs  Cable  Surface 


TMne 

—^Ambipnl  Tcmpetalure  “^C.iblp  TempcraUrc 

June  h,  (991 


Results 

Since  June,  1991,  there  has  been  a 
demonstrated  success  in  the  field.  No  cable 
damage  has  been  reported  on  either  domestic 
or  export  shipments  of  over  200  steel  and 
wood  reels  lagged  with  this  new  material. 
Having  fully  evaluated  other 
mechanical/thermal  lagging  materials 
available  today.  Bell  Atlantic  feels  there  is  no 
other  cost  effective  lagging  option  which 
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1)  meets  industry  mechanical  and  thermal 
performance  criteria,  2)  is  recyclable,  3)  is 
made  of  recycled  material  and  4)  does  not  add 
to  the  domestic  waste  stream. 

Bell  Atlantic  has  enjoyed  such  success  with 
this  product  that  they  will  be  authorizing  al 
of  their  suppliers  to  use  it  exclusively  on 
shipments  of  fiber  opt’''  cable  effective 
January,  1993. 


Joseph  A.  Hill 
AT&T  Fitel 

201  Adamson  Ind.  Blvd. 
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MOISTURE  PERMEABILITY 
OF 

STEAM  RESISTANT  TELEPHONE  CABLES 


Joseph  N.  D’Amico  and  Osman  S.  Gebizlioglu 
Bellcore 

Red  Bark,  New  Jersey  07701  U.S.A. 


ABSTRACT 

Some  fiber  optic  and  copper  subterranean 
telecommunications  cables  in  major  cities  are  degrading 
prematurely  or  have  been  destroyed  by  leaking  utility  steam. 
To  develop  generic  requirements  for  steam  resistant  cables, 
we  have  constructed  an  apparatus  to  measure  the  moisture 
permeation  of  cable  sheaths  in  a  steam  environment. 

We  have  tested  fiber  optic  and  copper  cables  in  this 
apparatus.  We  found  that  a  cable  sheath  constructed  with  a 
se^ed  metal  shield  will  prevent  moisture  permeation  to  the 
cable  core.  Moreover,  we  discovered  that  all  the  optical 
cable  samples  with  sealed  shields  contained  about  one  gram 
of  moisture  per  seven  foot  length.  A  maximum  allowable 
moisture  content  requirement  may  be  necessary  to  prevent 
the  degradation  of  cable  core  materials  resulting  from  this 
intrinsic  trapped  water  vapor. 


INTRODUCTION 

Many  of  the  nation’s  larger  cities  distribute  utility  steam  to 
provide  buildings  with  space  heating  and  cooling.  In  some 
cities  many  of  the  steam  mains  are  now  old  and  often 
corroded.  They  regularly  leak  and,  at  times,  even  break.  The 
defective  pipes  may  not  be  repaired  promptly  by  the  steam 
utility  unless  the  condition  is  deem^  dangerous. 
Consequently,  it  as  become  necessary  for  the  telephone 
companies  to  consider  the  utilization  of  steam  resistant  fiber 
optic  and  copper  cables.  The  effectiveness  of  such  cable 
designs  relies  on  preventing  moisture  entry  into  the  cable 
core  at  steam  temperatures  and  in  limiting  its  internal 
exposure  to  dry  heat.  In  this  report  we  present  an  evaluation 
of  the  moisture  permeability  of  prototype  steam  resistant 
cables. 

We  have  constructed  an  apparatus  to  measure  the  moisture 
per  leation  into  fiber  optic  and  copper  cables  in  a  steam 
environment.  This  test  unit  exposes  the  three  foot  long  mid¬ 
section  of  a  seven  foot  long  cable  to  saturated  steam.  The 


water  vapor  permeating  through  the  cable  sheath  into  the 
core  is  collected  by  the  dry  nitrogen  carrier  gas.  The  heated 
gas  carries  the  moisture  first  to  condensers  and  then  into 
tubes  filled  with  desiccants  where  any  remaining  water  vapor 
is  removed  from  the  gas  stream.  The  total  quantity  of  the 
captured  moisture  is  then  determined  gravimetrically. 
(Should  the  cable  core  be  filled  and  restrictive  to  gas  flow, 
components  of  the  core,  such  as  the  central  strength  member 
in  an  optical  cable,  can  be  removed  to  provide  a  flow 
channel.) 

The  first  part  of  this  paper  describes  the  apparatus  while  the 
second  presents  results  obtained  on  current  and  newly- 
designed  steam  resistant  cables.  Finally,  we  suggest  generic 
requirements  for  steam  resistant  cables. 

EARIU 

TEST  APPARATUS 

We  designed  and  built  a  test  unit  to  place  a  cable  section 
(fiber  optic  or  copper)  in  a  saturated  steam  environment.  A 
seven  foot  sample  is  positioned  longitudinally  at  the 
centerline  of  a  three  foot  long  steam  tube.  The  cable 
extends  out  through  the  ends  of  the  steam  chamber,  through 
an  air  gap  and  into  the  carrier  gas  entry  anc  »xit  chambers, 
respectively.  Seals  around  the  cable  at  the  chambers’  entry 
and  exit  ports  prevent  the  escape  of  either  steam  or  nitrogen 
into  the  atmosphere  (Figure  1).  Dry  nitrogen  with 
monitored  pressure  and  flow  rate  passes  through  a  molecular 
sieve  drier  and  into  the  cable  entry  chamber  from  which  it 
transits  the  cable  core  to  the  exit  chamber.  From  there  the 
carrier  gas  flows  through  the  condenser/absorber  moisture 
collector  where  the  absorbed  water  is  removed. 


Equipment  Detail 

The  Steam  Chamber 

Figure  2  shows  the  steam  chamber  consisting  of  a  three  foot 
long,  six  inch  diameter  iron  pipe  with  flanges  welded  to  each 
end.  The  test  sample  enters  and  exits  the  steam  chamber 
through  stainless  steel  collets  which  are  bolted  to  the 
chamber  end  plates  and  flanges.  The  collets  confine  a 
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Figure  1  -  Steam  Resistance  Moisture  Permeation  Cable  Tester 


graphite  impregnated  graphite  yam  rope  to  form  a  broad 
compression  seal  on  the  cable  sheath.  Two  viewing  ports 
permit  cable  observation  in  the  steam  environment  while 
gauges  display  the  temperature  and  steam  pressure.  Up  to 
Hve  thermocouples  positioned  along  the  internal  top,  bottom 
and  sides  of  the  chamber  provide  continuous  input  to  a  data 
logger.^  The  steam  chamber  is  equipped  with  pressure 
relief  devices  for  safety. 


FIGURE  3  -  Carrier  Gas  Entry  Control  and  Temperature  Datalogger 

monitored  in  the  cable  entry  chamber.  The  temperature  is 
continuously  recorded  because  any  significant  increase  in  the 
carrier  gas  temperature  indicates  steam  leakage  into  the  cable 
core. 


FIGURE  2  -  Steam  Test  Chamber 


Steam,  with  its  temperature  and  pressure  precisely 
controlled,  is  generated  for  continuous  operation  by  an 
electric  boiler*.  The  saturated  steam  envelops  the  test  cable 
providing  the  environment  required  for  moisture  permeation. 


Gas  Collection  and  Moisture  Detection 

The  carrier  gas  exits  the  test  sample  into  a  six  inch  diameter 
one  foot  long  cylinder  similar  to  the  gas  entry  chamber.  The 
exit  chamber,  however,  is  electrically  heated  to  prevent 


FIGURE  4  -  Carrier  Gas  Exit  Chamber  and  Moisture  Rcmoral  Apparatus 


The  Carrier  Gas  Entry: 

We  use  dry  nitrogen  (zero  grade)  as  the  carrier  gas  and 
control  its  flow  rate  with  a  precision  low  flow  rate  regulator 
at  100  ml/min.  and  15  psig.  At  the  gas  entry  control  panel, 
the  gas  passes  through  a  molecular  sieve  drier,  a  flowmeter 
and  is  then  directed  to  either  the  cable  gas  entry  chamber  or 
a  bypass  for  supply  cylinder  gas  moisture  analysis,  shown  in 
Figure  3.  The  carrier  gas  pressure  and  temperature  are 


premature  moisture  condensation  from  the  carrier  gas.  (At 
55  "C  the  nitrogen  can  hold  ten  times  the  moisture  that  it  can 
at  room  temperature.)  The  temperature  and  pressure  in  this 


t  Ungrounded  type  K  thermocouples  with  one  sixteenth  inch  stainless  sled  sheath 
nuuHjfactured  by  Omega  Engineering,  Inc..  Stamford.  CT.  Model  50  datalogger, 
manufactured  by  Electronic  Controls  Design.  Inc..  Milwaukee  OR. 
t  Manufactured  by  Sussman  Electric  Boilers,  New  York  City,  NY;  Model  MB6L  (Max. 
steam  rale,  18  Ibs/hr;  max.  pressure,  90  psig) 
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chamber  are  monitored  by  a  thermometer  &  thermocouple 
and  guage,  and  the  gas  flow  rate  via  a  rotameter, 
respectively.  The  gas  pressure  drops  from  the  carrier  gas 
entry  chamber  to  the  exit  chamber  because  of  the  resistance 
of  the  cable  core  to  gas  flow.  This  steady  state  pressure 
drop  may  change  as  the  temperature  rises  since  the  flow 
ch^el  may  be  altered  by  material  expansion  or  melting 
and/or  filling  compound  flow  or  degradation. 

The  nitrogen  gas  carrying  moisture  passes  through  air  cooled 
condensers  to  either  of  two  clear  plastic  collectors  followed 
by  a  dual  series  of  desiccant  columns  which  remove  any 
absorbed  moisture.  The  total  amount  of  water  collected  by 
condensation  in  these  collectors  and  by  absorption  in  the 
desiccant  columns  gives  the  moisture  removed  from  the 
cable  core.  This  quantity  represents  the  initial  moisture 
content  of  the  cable  from  the  cable  drying  operation  and  the 
amount  of  moisture  permeated  through  the  cable  sheath 
during  steam  exposure.  The  efficiency  of  the  condensers  is 
monitored  by  two  thermocouples  located  in  the  gas  stream. 
(Figure  4) 


Theory  of  Operation 

In  designing  the  test,  we  had  to  consider  the  moisture 
carrying  ability  of  the  gas.  If  the  flow  rate  were  too  slow, 
moisture  could  permeate  the  cable  sheath  faster  than  the  gas 
could  remove  it;  if  it  were  too  fast,  the  thermal  profile  of 
the  cable  core  would  be  altered  and  the  accuracy  of  the 
experiment  compromised. 

The  initial  drying  stage  is  carried  out  at  room  temperature. 
This  stage  involves  the  surface  evaporation  of  water  from  the 
cable  core  components.  The  transfer  rate  of  water  from  the 
cable  core  surfaces  to  the  carrier  gas  depends  on  the  carrier 
gas  density,  viscosity,  flow  rate  and  the  diffusivity  of  water 
vapor  into  the  carrier  gas.  During  the  later  steam  exposure 
stage,  water  vapor  from  the  outer  surface  of  the  cable  sheath 
diffuses  into  the  cable  core  and  raises  its  temperature.  Thus, 
most  of  the  water  vapor  transfer  to  the  carrier  gas  takes 
place  at  elevated  temperatures  where  the  gas  can  hold  more 
moisture  than  it  can  at  room  temperature. 

The  carrier  gas  flow  rate  in  the  cable  core  determines  the 
transfer  rate  of  water  vapor  into  the  carrier  gas  stream.  This 
transfer  rate  of  is  commonly  expressed  in  terms  of  two 
dimensionless  numbers'’^;  namely,  Reynolds  Number:  Re, 
and  Schmidt  Number:  Sc.  These  dimensionless  numbers 
arise  from  non-dimensionalizing  (mass,  momentum,  and 
energy)  conservation  equations  for  evaporation  into  a  carrier 
gas  flow  in  a  cylindrical  tube^.  The  Reynolds  number 
expresses  the  relative  strength  of  bulk  flow  to  the  viscosity- 
dominated  laminar  flow,  and  it  is  given  as  follows: 

Re  =  (d  U,  p)/p 

where  d,  U,,  p,  and  p.  are  tube  diameter,  carrier  gas  linear 
velocity,  gas  density,  and  gas  viscosity,  respectively.  The 
Schmidt  Number  expresses  the  relative  importance  of 


viscosity-  dominated  flow  to  the  mass  diffusion,  and  it  is 
derined  as: 

Sc  =  p/(p 

where  diffusion  coefficient  of  water  vapor 

in  the  carrier  gas.  The  mass  transfer  rate,  j^,  is  expressed  as 
function  of  these  two  numbers, 

Jo  =  C(Re)"(Sc)"' 

where  C,  n  and  m  are  constants. 

To  calculate  Re  and  Sc  for  this  cable  drying  experiment,  the 
following  parameters  are  used: 

Gas  flow  rate,  Q  =  100  ml  min  ' 

pressure,  P  =  29.7  psia 

density  =  0.001122  gm  ml  '  at  25  “C  ^ 

viscosity,  p  =  0.01750  cp  at  25  °C  * 

(cp  =  centipoise,  1  poise  =  1  gm  cm''  sec'') 

The  Difiiision  Coefficient^,  DwMer-Nitro*ni>  25  *C  =  0.256  cm^  sec  ' 

For  a  cable  sheath  of  2-inch  inner  diameter,  with  no  internal 
obstruction,  the  linear  velocity,  U,,  is  calculated  from  the 
gas  flow  rate,  Q  as  follows, 

U,  =  Q/((nd2)/4) 

Then,  we  compute  the  following  values  for  the  Reynolds  and 
Schmidt  Numbers; 

Re  =  2.68  and  Sc  =  0.61 


For  all  Re  <  2100,  the  gas  flow  is  laminar  with  a  parabolic 
velocity  profile,  i.e.,  the  maximum  gas  velocity  occurs  at  the 
centerline  of  the  cable  with  parallel  streamlines.  A  value  of 
0.61  for  Sc  indicates  that  water  vapior  transport  takes  place 
by  diffusion  into  the  carrier  gas.  If  the  gas  flow  with  the 
same  volumetric  rate  is  forced  into  a  smaller  cable  cross 
sectional  area,  e.g.,  10%  of  the  original  internal  cross- 
sectional  area,  then  the  linear  velocity  and  Re  increase  to 
0.82  cm  sec  '  and  26.8,  respectively.  However,  this  change 
is  not  large  enough  to  change  the  overall  transport  rate 
significantly.  This  latter  case  may  also  represent  the 
situation  for  drying  a  fiber  optic  cable  with  a  removed 
central  strength  member. 

During  steam  exposure,  the  cable  core  temperature  rises. 
Consequently,  the  carrier  gas  viscosity  and  the  water  vapor 
diffusivity  increase  while  the  gas  density  decreases.  Thus, 
the  Reynolds  and  Schmidt  Numbers  may  increase  indicating 
a  faster  water  removal  rate  from  the  cable  core.  The  overall 
temperature  of  the  test  cable  is  not  significantly  lowered  by 
the  carrier  gas  in  the  cable  core  since  the  mass  of  the  gas  is 
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small  in  comparison  with  that  of  the  cable.  Moreover,  the 
heating  capacity  of  the  steam  boiler  is  very  large  when 
compared  to  the  energy  removed  by  the  carrier  gas. 

PARTn 

EXPERIMENTAL 

Sample  Cables 

We  tested  four  fiber  optic  cables; 

A.  A  standard  (non-steam  resistant)  cable  containing  a 
central  strength  member  (removed  for  the  test)  and  six 
buffer  tubes  with  optical  fibers.  The  filled  cable  core 
was  covered  with  polyimide  yam  and  sheathed  with  a 
polyolefin  jacket. 

B.  A  steam  resistant  optical  cable  with  a  welded  metal 
shield.  The  filled  cable  core  also  consisted  of  a 
central  strength  member  (not  removed)  surrounded  by 
six  buffer  tubes  containing  optical  fibers.  The  metal 
shield  was  covered  with  a  polyimide  reinforced 
polyolefin  jacket. 

C.  A  steam  resistant  cable  with  a  welded  metal  shield  and 
a  fluorocarbon  jacket.  This  filled  cable  contained 
water  blocking  tapes,  a  single  core  tube  and  optical 
fibers. 

D.  A  steam  resistant  cable  with  an  overlapped  polymer 
coated  steel  shield  and  nylon  jacket.  This  filled  cable 
core  consisted  of  a  central  strength  member  and  six 
optical  fiber  buffer  tubes  wrapped  in  a  polyimide  yam. 

We  also  tested  two  600  pair  steam  resistant  copper  conductor 
cables: 

I.  A  standard  "Steampeth"  cable  with  pulp  insulated 
conductors,  an  overlapped  steel  shield  and  a  medium 
density  polyethylene  jacket. 


II.  A  special  cable  manufactured  with  fluorocarbon 
insulated  conductors,  an  overlapped  steel  shield  and  a 
crosslinked  jacket  of  modified  polyethylene. 


lest  Procedure 

The  cables  were  placed  in  the  steam  resistance  moisture 
permeation  cable  tester,  pressurized  with  nitrogen  to  15  psig, 
and  static  tested  for  leaks.  Meanwhile  a  moisture 
determination  of  the  carrier  gas  itself  was  made  to  assure  its 
dryness.  The  actual  test  for  optical  cables  began  with  a  four 
day  purge  of  the  cable’s  inherent  moisture  at  room 
temperature.  Following  this  drying  period,  the  test  cable  was 
exposed  to  five  psig  pressure  saturated  steam  (108.5  °C)  for 
one  week  and  twenty  five  psig  pressure  steam  (130.5  “C)  for 
a  second  week.  Cables  with  a  low  melting  temperature  (< 
130  “C)  jacket  were  tested  at  a  lower  steam  pressure  for  the 
second  week.  (Figure  5) 


RESULTS 

Fiber  Optic  Cables 

All  the  optical  cables  that  we  tested  showed  about  one  gram 
of  initial  moisture  per  seven  foot  section.  Steam  exposure  of 
initially  dried  cables  with  welded  metal  shields  demonstrated 
the  effectiveness  of  those  shields  in  preventing  water  entry 
into  the  cable  core.  For  Cable  "A",  a  standard  loose  tube 
type  optical  cable  without  a  metallic  shield,  we  measured  a 
water  permeation  rate  of  13.5  mg  hr'  inch  '  (of  cable 
outside  diameter)  in  five  psig  pressure  steam,  as  indicated  in 
Table  1.  At  that  rate,  a  cable  with  a  five  percent  internal 
void  space  could  conceivably  become  filled  with  water  in 
less  than  twenty  four  days. 
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FIGURE  5  -  Typical  Moisture  Put^e  -  PermeatHm  Data  Plot 
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Optical  Cable 

Initial  Moisture 

Removed  (grams) 

Sample 

At  Room  Temp.  ’ 

At  108.5  “C 

"A” 

1.30 

* 

■B’ 

1.34 

1.23 

■C" 

1.15 

0.68 

■D” 

0.82 

1^ 

*  Initial  rooiaiure  und«(ennini^le  due  to  steam  penetration  of  the  cable  sheath. 

FIBER  OPTIC  CABLES 

Inherent  Moisture  Content  (gms./7  ft.  sample) 

TABLE  1 

Copper  Cables 

The  two  copper  conductor  cables  that  we  tested  did  not  show 
significant  resistance  to  steam.  So-called  "Steampeth" 
cables,  in  fact,  were  never  designed  for  continuous  operation 
in  steam.  Moisture  permeation  through  the  Steampeth  sheath 
averaged  12.7  mg  per  linear  cable  foot/inch  of  cable 
diameter  for  each  hour  of  steam  exposure  (5  psig  pressure, 
108.5  ®C).  The  electrical  transmission  characteristics  of  this 
cable  would  quickly  degrade  under  that  condition.  The 
moisture  permeation  rate  of  this  cable  doubled  in  steam  at  IS 
psig  pressure.  At  126  "C  the  semi-molten  cable  jacket  was 
forced  into  the  shield  overlap  by  the  steam  pressure 
somewhat  reducing  moisture  permeation.  This  condition 
would  not  be  realized  in  the  field  where  the  pressure  of  the 
unconfined  steam  would  be  dissipated  into  the  surroundings. 
At  128  ”C,  the  jacket  finally  melted,  steam  penetrated 
directly  into  the  cable  core  and  ruptured  the  jactet  outside 
the  steam  chamber. 

We  tested  two  samples  of  Cable  II  with  its  core  of 
fluorocarbon  insulated  copper  conductors.  Its  jacket  is  a 


filled  modified  crosslinked  polyethylene  which,  like  Cable  I, 
was  bonded  by  a  thermoplastic  polymer  to  an  overlapped 
steel  shield.  Tbis  jacket  quickly  separated  from  the  shield 
when  the  cable  was  tested  in  108.5  "C  steam.  The  moisture 
permeation  rate  of  Cable  II  was  approximately  three  times 
that  of  Cable  I  (Table  2).  While  the  cable  jacket  did  not 
melt,  it  ballooned  from  the  15  psig  internal  nitrogen  gas 
pressure.  One  of  the  test  samples  ruptured  under  the  carrier 
gas  induced  hoop  stress  after  only  two  days  in  steam  at  5 
psig  pressure.  (A  similar  cable  sheath  had  failed  under 
centrid  office  air  pressure  during  a  1991  field  trial  in  New 
York  City.) 


DISCUSSION 

Steam  resistant  optical  cable  designs  proposed  by  major 
cable  manufacturers  usually  incorporate  standard  optical 
cable  core  components  in  a  sealed  cable  sheath.  It  is 
fabricated  to  form  the  major  barrier  to  steam  penetration  into 
the  cable  core.  This  barrier  consists  of  two  resistances-in- 
series  to  steam  flow:  The  outer  one  is  the  cable  jacket,  while 
the  inner  one  is  the  sealed  metal  shield.  Since  all  polymers 
become  increasingly  permeable  to  water  vapor  at  elevated 
temperatures*  ’,  the  jacket’s  resistance  to  steam  will  decrease 
drastically  during  steam  exposure.  Thus,  a  polymer  cable 
jacket  cannot  be  relied  on  as  a  steam  barrier.  Our  results  on 
sample  cables  showed  that  the  sealed  metallic  shield  is  the 
key  component  that  prevents  steam  from  entering  the  cable 
core.  Nevertheless,  a  cable  jacket  is  an  essential  part  of  the 
cable  sheath,  as  it  thermally  and  electrically  insulates  the 
metallic  shield.  It  also  provides  protection  during  cable 
installation  and  acts  as  an  impediment  to  water  migration  to 
penetrations  in  the  metal  shield. 


1  Cable  Moisture  Permeation  Rale  In  Steam  " 

Jacket 

Sample  At  108.5  °C  (5  psig) 

At  130.5  ‘C  (25  psig) 

Shield 

Material 

Fiber  Cables 

•A"  0.013 

Jkt.  Failure 

None 

Polyolefin 

"B“  0.0 

0.0 

Welded  Metal 

Polyolefin 

”C"  0.0 

0.0 

Welded  Metal 

Fluorocarbon 

■D"  • 

Conper  Cables 

« 

At  115  •CriOpsiy^ 

Overlapped  Steel 

Nylon 

I  0.013 

0.018 

Overlapped  Steel 

MOPE 

II  0.035 

0.045  to  >0.064 

Overlapped  Steel 

XLPE 

^  Mo'iiture  permeation  rale  in  gnun»/fool  lengtb/inch  cable  outer  diameter 
*  Moiiture  undelenninabie  due  lo  cable  core  blockage. 

FIBER  OPTIC  AND  COPPER  CABLES 
Moisture  Permeation  Rate  In  Steam 
(All  cables,  except  ’A’,  are  of  steam  resistant  design.) 

TABLE  2 
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Moisture  readily  permeated  all  the  cable  jackets  that  we 
tested  in  steam,  (Table  2).  Moisture  did  not  penetrate  into 
the  core  of  fiber  optic  Cables  "B"  or  "C”,  both  of  which 
have  welded  metal  shields.  However,  Cable  "C"  exhibited 
water  droplets  between  the  fluorocarbon  polymer  jacket  and 
the  welded  metal  shield.  The  MDPE  jacket  on  another  cable 
melted  and  dripped  to  the  floor  of  the  test  chamber,  (Figure 
6).  Drippings  from  this  cable  literally  had  to  be  chiseled 
from  the  surface  of  the  test  chamber.  A  cable  in  the  field 
with  such  a  jacket  would  be  very  difficult  to  remove  from  its 
duct  for  repair  or  replacement.  These  observations  also 
suggest  that  a  cable  jacket  be  well  bonded  to  the  shield  at 
steam  temperatures  to  prevent  the  formation  and  migration  of 
water  droplets  on  the  shield  surface. 


FIGURE  S  •  Optical  Cable  after  Steam  Exposure  •  MDPE  Jacket  Melted 


While  a  sealed  metal  shield  provides  an  effective  barrier  to 
steam,  it  also  serves  to  trap  volatile  products  from  core 
components  (filling  compounds,  core/buffer  tubes,  and 
coatings).  Our  tests  showed  that  all  vendor  cables  contained 
about  a  gram  of  initial  moisture  in  a  7-ft  section.  This 
quantity  of  trapped  water  may  pose  two  major  reliability 
risks;  1)  Water  in  the  core  will  vaporize  as  its 
temperature  rises  when  the  cable  sheath  comes  in  contact 
with  steam.  Hot  water  vapor  causes  some  core/buffer  tube 
materials  to  degrade  by  hydrolysis.  2)  One  gram  of 
hot  water  vapor  upon  contact  with  certain  metals  may  be 
catalytically  converted  to  about  one  liter  of  hydrogen. 
Hydrogen  trapped  in  the  cable  core  could  cause  transmission 
loss  if  absorbed  into  the  glass  fiber.  Our  tests  to  date  have 
indicated  that  the  first  risk  factor  may  be  significant  enough 
to  establish  a  maximum  allowable  initial  moisture  content  for 
steam  resistant  optical  cables. 


While  those  fiber  optic  cables  that  were  impervious  to 
moisture  penetration  had  welded  metal  shields,  it  is 
conceivable  that  other  methods  could  be  used  to  so  seal  the 
shield.  In  this  paper  we  discuss  the  effectiveness  of  the  metal 
shield  in  restricting  or  preventing  water  transmission  to  the 
cable  core;  we  do  not  mention  their  projected  longevity. 
These  cables  are  expected  to  function  for  a  long  time  in  a 
harsh  environment,  one  which  often  contains  corrosive  salts. 
There  may  even  be  nearby  DC  electrical  sources,  such  as  an 
electrified  subway  rail  line,  which  can  lead  to  stray  electrical 
currents  in  the  shield.  These  currents  are  known  to 
accelerate  shield  corrosion. 

It  is  absolutely  essential  to  keep  moisture  from  entering  the 
core  of  an  optical  fiber  cable  since  once  it  is  present,  it 
cannot  be  easily  removed.  Unlike  optical  cables,  copper 
conductor  cables  used  in  underground  ducts  are  usually 
unfilled.  They  rely  on  the  central  office  dry  gas  (or  air) 
purge  to  keep  them  dry.  Consequently,  these  metallic  cables 
will  tolerate  a  very  low  rate  of  moisture  permeation  provided 
that  it  does  not  occur  over  an  extended  cable  length. 


CONCLUSION 


Telephone  cables,  both  fiber  optic  and  copper  conductor,  are 
expected  to  operate  for  many  years,  even  when  they  may  be 
located  in  the  harsh  environment  of  escaping  utility  steam. 
Such  speciality  cables  must  have  a  heat  resistant  core  and  a 
moisture  impermeable  sheath.  The  cable  core  itself  must  not 
contain  moisture  which  upon  heating  will  form  steam.  The 
shield  metal  should  not  only  resist  corrosion  in  steam  but 
also  it  should  not  catalytically  generate  hydrogen  from 
heated  moisture  present  within  the  cable  core.  Polymer 
cable  jackets  alone  are  unable  to  prevent  moisture 
permeation  to  the  cable  core,  but  in  conjunction  with  a 
sealed  metal  shield,  reliable  steam  resistant  cable  sheaths  can 
satisfy  the  application. 

Cables  designed  to  be  steam  resistant  can  be  measured  for 
moisture  permeation  in  a  steam  environment  with  apparatus 
such  as  that  described  in  this  paper.  Moisture  ingress  and 
initially  contained  moisture  are  only  two  of  the  several 
special  parameters  which  the  designers  and  purchasers  of 
steam  resistant  cables  must  take  into  account.  Bellcore 
Technical  Advisory  TA  NWT-001322,  Issue  I,  "Steam 
Resistant  Optical  Cable",  is  expected  to  be  issued  during  the 
fourth  quarter  of  1992.  It  will  provide  Bellcore’s  Clients 
and  the  industry  with  Bellcore’s  view  as  to  the  technical 
requirements  needed  to  assure  the  quality  of  a  steam  resistant 
optical  cable. 
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Abstract 

One  of  the  methods  under  investigation  by  Bellcore  to 
facilitate  the  installation  of  fiber  cables  in  established 
residential  areas  with  buried  plant,  in  order  to 
accomplish  a  Fiber-in-the-Loop  (FITL)  upgrade,  involves 
the  re-use  of  existing  cable  paths  in  the  ground.  As  a 
first  step  in  determining  the  feasibility  of  such  an 
approach,  tests  were  performed  aimed  at  removing  the 
copper  conductors,  or  "cores',  from  typical  telephone 
distribution  cables.  The  ability  to  pull  out  the  cores  of 
such  cables  would  allow  the  use  of  the  resultant 
pathway  for  placing  fiber-optic  media.  Various 
techniques  were  investigated,  including  that  of  pumping 
lubricant  into  the  interstices  of  air-core  cables,  and 
elevating  the  temperature  of  waterproof  cables  in  order 
to  soften  or  melt  the  filling  compound.  Outdoor  tests 
performed  on  buried  lengths  of  100-pair  air-core  and 
filled  cables  resulted  in  the  successful  removal  of  copper 
cores  of  up  to  200  ft.,  with  indications  of  greater  possible 
lengths.  Fiber  cables  of  1/2-in.  diameter  were  inserted 
into  several  of  the  cavities  created. 


Introduction 

The  telephone  local  loop  is  undergoing  a  major 
evolution  in  the  form  of  Fiber-in-the-Loop  (FITL),  for 
which  mass  deployment  is  expected  to  begin  by  the 
middle  of  this  decade,  or  sooner.  Although  initial 
implementation  will  tend  to  be  in  growth  (new 
construction)  areas,  there  will  be  applications  in  areas 
requiring  replacement  of  degrading  copper  facilities. 
Eventually  there  will  also  be  a  need  to  upgrade  other 
areas  in  order  to  obtain  the  various  long-term  benefits  of 
the  fiber-optic  based  technology.  Such  replacements 
and  upgrades  will  require  installation  of  new,  relatively 
small  diameter,  fiber  distribution  cables  in  existing 
residential  areas  with  buried  plant.  Major  concerns  in 
these  endeavors  include  the  minimization  of  restoration 
expenses  and  damage  avoidance  to  other  buried 
utilities.  One  technique  under  investigation  by  Bellcore 
involves  the  re-use  of  existing  cable  paths  in  the  ground. 
As  a  first  step  in  determining  the  feasibility  of  such  an 
approach,  laboratory  and  field  experiments  have  been 
performed  to  remove  the  copper  conductors,  or  'cores’, 
from  typical  shielded  telephone  distribution  cables.  The 
ability  to  remove  the  cores  of  such  cables  between 
existing  curbside  pedestals  would  allow  the  use  of  the 


resultant  cavity  to  place  fiber-optic  media. 

Although  the  removal  of  copper  pairs  from  cables  has 
been  done  in  the  past,  it  was  generally  done  on  a 
sporadic  basis  for  larger  (retired)  cables  embedded  in 
underground  conduit.  For  a  given  length,  the  removal  of 
the  core  of  a  distribution  cable  along  a  residential  street 
is  expected  to  be  more  difficult  because  of  the  relatively 
low  tensile  strength  of  the  typically  smaller  size  cables, 
and  the  greater  degree  of  undulations  associated  with 
direct-buried  installations.  In  addition,  newer  direct- 
buried  cables  contain  waterproof  filling  compound, 
which  would  significantly  increase  the  force  required  to 
remove  the  core.  Thus,  the  present  investigation  is 
intended  to  address  this  relatively  difficult  case,  and  to 
eventually  develop  a  well-under"  ood,  routine  process. 

The  cables  of  interest  are  typically  of  two  general  types 
-  air-core  and  waterproof  ('filled').  Cables  buried  in 
recent  years  have  been  primarily  of  the  waterproof 
construction.  In  this  case,  a  filling  compound  is  used  to 
block  the  flow  of  water  along  the  interior  of  the  cable  in 
order  to  minimize  cable  degradation  and  transmission 
problems.  However,  in  the  early  years  of  buried  plant 
construction,  air-core  cables  were  often  used  for  this 
application.  Many  present-day  copper  rehabilitation 
projects  are  associated  with  replacing  degraded  buried 
air-core  cables. 

Both  air-core  and  waterproof  cables  contain  bundles  of 
twisted  19-  to  26-gauge  copper  pairs  -  ranging  in  size 
from  25  pairs  to  many  hundreds  of  pairs.  The  conductor 
insulation  is  'plastic'  (e.g.,  polyethylene),  and  there  is  a 
loose  dielectric  (plastic)  core  wrap  around  the  spiraled 
copper  bundles.  The  sheath  is  of  several  possible 
constructions,  including  a  corrugated  aluminum  shield 
and  an  outer  black  polyethylene  jacket.  In  addition, 
cables  can  include  a  second  metallic  (steel)  shield  and 
an  inner  polyethylene  jacket  within  the  shield(s). 
Furthermore,  a  variety  of  overlaying  outer  layers  are 
available  to  provide  added  mechanical  protection 
against  gophers,  corrosion,  etc.  For  waterproof 
versions,  the  cores  have  been  filled  with  various  types  of 
petroleum-based  compounds,  with  a  flooding  material 
placed  between  the  shields  and  the  outer  jacket.  Figure 
1  illustrates  the  generic  construction  of  the  cables  of 
interest. 

Although  the  most  direct  means  of  creating  an  available 
cavity  would  appear  to  be  the  removal  of  the  twisted 


International  Wire  &  Cable  Symposium  Proceedings  1992  533 


copper  pairs,  leaving  the  metal  shield  as  structural 
support,  the  strengths  of  the  txsnds  between  the  various 
layers  will  determine  at  which  interface  slippage  will 
actually  occur.  For  example,  it  is  possible  that  the  core 
and  shield  as  a  unit  will  pull  out  of  the  outer  jacket,  or 
even  that  the  entire  cable  will  pull  out  of  the  soil.  The 
method  of  grasping  and  securing  the  cable  core  or 
shield,  as  well  as  the  preparation  used  to  facilitate  the 
core  removal  process,  will  be  factors  in  determining 
which  (if  any)  components  will  be  removed. 


Dielectric  (Plastic) 


Figure  1 .  Typical  Distribution  Cable  Constmction 


Distribution  cables  in  the  relatively  small  size  range  of 
100-  to  200-pairs  are  commonly  used  along  the  branch 
portions  of  distribution  routes,  between  pedestals.  It  is 
anticipated  that  the  removal  of  any  practical  lengths  of 
core  "  i.e.,  on  the  order  of  100  feet  or  more  -  in  actual 
buried  situations  (including  undulations  along  the 
original  trench  or,  possibly,  other  discrete  route  bends) 
will  not  be  easy.  Therefore,  two  basic  methods  have 
been  investigated  to  reduce  the  frictional  drag  or  viscous 
forces  between  the  core  and  the  sheath. 

For  air-core  cables,  a  significant  fraction  of  the  core 
consists  of  voids  through  which  it  is  possible  to  pump 
fluids,  such  as  lubricants,  in  an  attempt  to  reduce  the 
drag  forces  on  the  core.  For  waterproof  cables,  the 
adhesion  between  the  core  and  the  sheath  is 
significantly  greater  than  for  air-core  cables.  However, 
the  petroleum-based  filling  materials  have  relatively  low 
melting  points  (e.g.,  typically  less  than  200“F),  and  lower 
softening  temperatures.  Thus,  elevating  the  temperature 
of  the  cable  in  the  vicinity  of  ^e  shield  should  lead  to  a 
reduction  of  the  drag  forces  on  the  core.  For  example, 
applying  a  heavy  electric  current  to  the  shield  of  a  buried 
(non-working,  disconnected)  cable,  analogous  to  an 
electric  welder  connected  to  a  frozen  water  pipe  to 
accomplish  thawing,  would  elevate  the  temperature 
immediately  adjacent  to  the  shield. 

Preliminary  Laboratory  Experiments 

As  a  preliminary  step,  a  series  of  laboratory  experiments 
were  performed  on  short  (10  ft.)  test  samples  subjected 


to  various  lubricants  and  temperatures.  The  results 
were  used  to  guide  the  selection  of  materials  and 
methods  for  application  to  longer  lengths  of  buried 
cables  in  the  more  difficult  (and  costly)  outdoor  buried 
tests.  The  preliminary  laboratory  experiments  were 
performed  on  air-core  and  waterproof  cables, 
representing  those  of  a  major  manufacturer  of  telephone 
cable  (the  most  likely  manufacturer  to  be  encountered 
for  the  present  application).  The  cables  tested  included 
50-,  100-,  or  300-pairs  of  24-  or  26-gauge  copper 
conductors. 

For  example,  the  results  illustrated  in  Figure  2  apply  to  a 
100-pair,  24-gauge  waterproof  cable  filled  with  an 
extended  thermoplastic  rubber  (ETPR)  filling  compound. 
Both  the  peak  force  required  to  initiate  core  slippage 
and  the  steady  force  required  to  maintain  movement  are 
indicated.  (Data  corresponding  to  a  second  attempt  on 
the  same  sample,  following  release  of  the  pulling  force 
for  the  first  attempt,  is  also  shown.)  Three  separate  10  ft. 
cable  samples  were  tested  at  different  temperatures; 
ambient  room  temperature  ("reference"),  140°F,  and 
195“F.  It  is  evident  that  there  is  a  dramatic  reduction  in 
the  required  removal  force  at  lOS^F  -  to  approximately 
one-third  that  at  ambient  conditions.  There  was  no 
apparent  benefit  in  heating  to  only  140°F.  These  results 
are  consistent  with  separate  laboratory  experiments  in 
which  samples  of  the  ETPR  compound  were  subjected 
to  rheological  testing  using  a  parallel  plate  geometry  in 
a  dynamic  mode.  As  indicated  in  Figure  3,  the  viscosity 
of  the  filling  material  dramatically  decreases  by  more 
than  an  order  of  magnitude  as  the  temperature 
increases  from  140°F  to  above  176°F. 


n  nn  .  - — - . .  -  - 
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Figure  2.  Preliminary  Laboratory  Experiments,  10  ft,  Samples 
(100-pair,  24-gauge  ETPR-filled  Cable) 


Outdoor  Buried  Tests 

The  outdoor  test.s  were  performed  on  various  lengths  of 
lOO-pair,  24-gauge  air-core  or  filled  cable,  buried  at  a 
30-in.  depth  in  12-in.  wide  straight  trenches.  The  ends 
of  tile  cables  were  gradually  brought  to  the  surface  over 
a  10  ft.  distance  to  minimize  the  effects  of  discrete  bends 
when  pulling  the  cable  cores  via  a  surface  winch.  This 
arrangement  conveniently  allowed  the  use  of  available 
equipment  and  in-line  spring  gauges  for  force 
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Figure  3.  Viscosity  as  a  Function  of  Temperature, 
ETPR  Filling  Compound 


The  second  100  ft.  sample  was  filled  with  a  liquid 
lubricant  (i.e.,  a  silicone  emulsion),  using  the  technique 
illustrated  in  Figure  5.  A  pump  injected  the  lubricant  at 
approximately  40  psi  pressure,  enabling  the  liquid  to 
reach  the  opposite  end  within  10  minutes.  The  pump 
was  then  disconnected,  and  a  line  attached  to  the 
trailing  end  of  the  copper  pairs  to  be  pulled  into  the 
sheath.  Subsequent  repetitive  attempts  to  cause  the 
core  to  slip  in  the  sheath,  when  pulled  at  the  core 
connection,  indicated  peak  removal  forces  of  500  -  700 
lbs.  r-  or  approximately  half  of  the  force  required  in  the 
non-tubricated  reference  sample.  To  further  verify  the 
benefit  of  the  lubricant,  a  test  was  performed  on  the 
original  reference  sample  following  the  addition  of  the 
lubricant,  resulting  in  a  500  lb.  removal  force. 


measurement.  The  geometry  also  simulates  the 
procedure  of  digging  a  small  pit  at  the  pulling  end.  and 
using  equipment  that  can  be  lowered  into  the  pit  in  order 
to  provide  a  straight  horizontal  pull.  A  "core-connection” 
was  formed  at  the  pulling  end  of  the  cable  to  facilitate 
the  removal  of  the  copper  pairs  from  the  sheath,  and  a 
line  was  attached  to  the  trailing  end  of  the  copper  pairs, 
to  be  pulled  into  the  cavity  as  the  core  is  removed.  For 
each  sample,  several  tests  were  performed  to  determine 
the  peak  force  required  to  cause  the  copper  pairs  to 
begin  to  pull  out  of  the  sheath. 

Air-Core  Cable 

The  air-core  design  contained  a  single  (aluminum) 
shield  and  (outer)  polyethylene  jacket.  The 
corresponding  outer  diameter  is  0.86  inches.  Two 
lengths  of  nominally  100  ft.  each,  and  one  length  of  300 
ft.,  were  buried.  Figure  4  illustrates  the  results  of  a 
number  of  tests  performed  on  the  three  buried  cable 
samples.  The  "reference"  case  refers  to  a  100  ft.  length 
of  non-lubricated  cable.  The  corresponding  peak  tensile 
force  required  to  cause  slippage  of  the  core  was  initially 
as  high  as  2000  lbs.  due  to  the  damaged  sheath 
condition  at  the  far  end  of  the  cable.  Once  the  local 
damaged  section  was  removed,  the  required  peak 
forces  dropped  to  only  1000  lbs.  The  breaking  strength 
of  the  100  copper  pairs  is  calculated  to  be  2200  lbs. 

2500,00  -  - - - — - - - ‘—7 

'•  calculated  bre^ng  strength  of  cop^r  pairs  _  _  * 


Figure  4.  Outdoor  Buried  Tests,  1 00  tt.  -  300  ft.  Lengths 
(lOO-oair.  24-aauae  Air.core  Cable) 


Pneumatic  Pump 


Figure  6.  Technique  Used  for  Inserting  Lubricant  into  Air^^xe  Cable 


The  third  cable  sample,  300  ft.  long,  was  filled  with  the 
same  lubricant  as  the  previous  (second)  100  ft.  sample. 
In  this  case,  however,  it  was  apparent  that  there  was  a 
break  somewhere  along  the  length  of  the  sheath  since 
the  lubricant  did  not  exit  from  the  opposite  end  during 
the  pumping  operation,  in  spite  of  the  large  volume  of 
lubricant  introduced  into  the  cable  core.  The  first  two 
attempts  to  create  movement  of  the  core  failed  as  the 
core  connection  broke  at  approximately  2000  lbs.  Since 
it  was  recognized  that  the  cable  was  likely  damaged  and 
crushed  at  the  break  in  the  sheath,  inhibiting  the  core 
removal,  the  cable  was  cut  at  the  100  ft.  point,  and  the 
test  repeated  on  the  remaining  200  ft.  length.  As  a 
result,  the  core  was  removed  with  a  tensile  load  of 
approximately  10(X)  lbs.  This  is  twice  the  load  required 
for  the  lubricated  100  ft.  samples. 

A  1/2-in.  diameter  fiber-optic  cable,  which  could  contain 
on  the  order  of  100  fibers,  was  subsequently  inserted 
into  the  100  ft.  cavity  of  the  second  sample,  illustrating  a 
possible  implementation  for  a  FITL  upgrade  process. 

Waterproof  Cable 

The  sheaths  of  the  waterproof  cables  tested  contained  a 
double  shield  -  aluminum  (inner)  and  steel  (outer)  ~ 
with  a  polyethylene  jacket.  Two  types  of  filling 
compound  were  represented,  depending  upon  the  cable 
vintage.  The  earlier  version,  0.96-in.  diameter,  contains 
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a  petrolatum  -  or  petroleum  jelly  (PJ)  --  filling 
compourKi,  with  an  asphalt  flooding  material  between 
the  outer  jacket  and  the  shields.  The  more  recent 
version,  0.98-in.  diameter,  contains  the  ETPR  filling 
compound,  with  a  polybutene  flooding  material. 
Samples  nominally  75  ft.  and  150  ft.  in  length  were 
tested,  some  following  a  heating  operation  via  the  use  of 
a  portable  gasoline-powered  DC  electric  welder  (Figure 
6).  The  welder  was  used  to  provide  200  amps  along  the 
metallic  shields  of  the  buried  cables.  A  heavy  (4/0) 
stranded  copper  conductor  served  as  a  return  lead  to 
the  welder. 


Porttbto 


Figure  6.  Technique  for  Heating  Cable  Using  Electric  Welder 


Figure  7  illustrates  the  test  results.  For  the  reference 
(non-heated)  75  ft.  PJ-filled  cable,  two  attempts  were 
made  to  pull  the  twisted  pairs  out  of  the  cable.  Although 
the  first  attempt  failed,  with  the  connection  breaking  at 
2000  lbs.  peak  force,  the  second  succeeded,  at 
approximately  the  same  force  level.  A  subsequent  test 
on  a  duplicate  length  sample,  following  heating  to 
approximately  ISO’F,  allowed  the  removal  of  the  entire 
core  plus  the  metallic  shields  at  a  level  of  approximately 
600  lbs.  force  —  or  less  than  one-third  of  that  at  the 
ambient  conditions.  The  slippage  along  the  shield- 
jacket  interface  was  facilitated  by  the  melting  of  the 
asphalt  flooding  compound.  Subsequent  tests, 
however,  on  a  longer  length  (150  ft.)  of  heated  PJ-filled 
cable  were  unsuccessful.  The  first  2  attempts  failed  at 
relatively  low  force  levels  as  the  high  current  introduced 
into  the  shield  caused  sparking  at  one  of  the  shield 
connections  to  the  welding  leads.  This  is  believed  to 
have  been  caused  by  an  improper  electrical  connection 
to  the  shields,  causing  arcing,  weakening  the  copper 
pairs  locally,  and  resulting  in  the  core  connections 
breaking  at  1200  and  1500  lbs.,  successively.  This  test 
was  therefore  repeated,  during  which  new  core 
connections  were  made  and  the  welder  connected  to 
both  shields  simultaneously  in  order  to  prevent  this 
problem.  Although  the  arcing  did  not  occur,  the  attempts 
to  remove  the  core  were  unsuccessful;  the  connections 
broke  at  approximately  2000  lbs. 

For  the  ETPR-filled  cable,  the  test  on  the  (non-heated) 
150  ft.  reference  sample  failed  to  remove  the  core. 
However,  following  heating  of  the  same  sample  with  the 
welder  for  approximately  1  hour,  the  entire  core  was 
successfully  pulled  out  at  1500  lbs.  This  test  was 


successfully  repeated  on  2  other  150  ft.  samples, 
following  heating  for  more  than  1.5  hours  to  a 
temperature  of  approximately  185‘’F.  The  results 
indicate  peak  force  levels  of  the  same  magnitude. 


Figure  7.  Outdoor  Buried  Tests,  75  ft.  - 150  ft.  Lengths 
(100-pair,  24-gauge  Filled  Cable) 


Due  to  the  excessive  temperatures  achieved  at  the 
exposed  ends  of  the  cables,  fusing  of  the  conductor 
insulation  tends  to  occur  in  these  areas,  resulting  in 
locally  rigid  segments  when  the  cable  cools.  This 
suggests  that  if  the  core  is  not  successfully  removed  the 
first  time  the  cable  is  heated,  subsequent  attempts  may 
be  affected.  This  effect  may  account  for  the  lack  of 
success  in  removing  the  150  ft.  core  of  the  PJ-filled 
cable. 

A  150  ft.  continuous  length  of  1/2-in.  diameter  fiber-optic 
cable  was  subsequently  inserted  into  the  2  adjacent 
(end-to-end)  75  ft.  long  cavities  of  the  PJ-filled  samples. 

Early  Field  Experience 

In  order  to  verify  the  feasibility  of  the  general  strategy  in 
a  realistic  environment,  an  attempt  was  made  to  remove 
the  copper  pairs  of  a  non-working  300  ft.  length  of  200- 
pair,  24-gauge  cable  buried  approximately  20  years  ago 
by  a  local  regional  Bell  operating  company  (RBOC). 
Specifically,  since  this  was  an  air-core  design  cable,  the 
tedinique  of  pumping  lubricant  into  the  core  in  order  to 
facilitate  the  core  removal  process  was  determined  to  be 
applicable.  Although  the  300  ft.  cable  represents  a 
greater  length  than  that  removed  for  the  buried  tests  on 
the  100-pair  cables,  the  higher  strength  of  the  200-pair 
cable  would  normally  tend  to  allow  success  at  greater 
lengths. 

^plying  the  same  procedures  for  inserting  lubricant  into 
the  core  as  described  previously,  the  300  ft.  cavity  was 
successfully  filled,  without  incident,  with  4  gallons  of  a 
silicone  emulsion  following  45  minutes  of  pumping  at  a 
pressure  of  40-50  psi. 

A  core-connection  was  then  formed  at  the  same  end  of 
the  cable,  allowing  the  copper  pairs  to  be  pulled  by  a 
winch  system  mounted  on  an  RBOC  truck.  (Since  a 
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local  pit  was  not  dug,  the  pulling  angle  was  not 
optimized.)  In  this  case,  several  attempts  at  applying 
loads  of  up  to  4000  lbs.  failed  to  cause  the  core  to  slip  in 
the  sheath,  resulting  in  broken  connections  at  the  pulling 
end. 

An  inspection  of  the  cable  indicated  a  spiral-wound 
corrugated  core  wrap,  which  was  unlike  the  samples 
tested  during  the  laboratory  experiments  and  outdoor 
tests.  This  particular  RBOC  cable  was  manufactured  by 
a  different  vendor  than  that  of  the  cable  samples 
previously  investigated  in  detail,  for  which  the  plastic 
core  wrap  between  the  copper  pairs  and  the  sheath  had 
a  smooth  surface  and  a  longitudinal  slit  along  the  cable 
length.  A  subsequent  laboratory  experiment  performed 
on  a  short  sample  of  the  RBOC  cable,  after  filling  the 
interior  with  lubricant,  resulted  in  a  required  removal 
force  several  times  greater  than  that  of  unlubricated 
lengths  of  the  previously  tested  air-core  cables.  The 
greater  force  is  apparently  due  to  a  tendency  for  the 
spiral-wound  corrugated  wrap  to  effectively  grab  the 
core,  preventing  core  slippage  within  the  wrap,  coupled 
with  the  corrugations  being  imbedded  in  the  inner 
polyethylene  jacket  of  the  particular  cable  design  used 
in  this  installation. 

This  experience  illustrates  that  the  specific  details  of  the 
cable  design  are  an  important  factor  in  determining  the 
feasibility  of  the  techniques  investigated.  Fortunately, 
the  most  common  cables  to  be  encountered  in  actual 
practice  correspond  to  those  with  the  less  problematic 
construction,  representing  the  (historically)  most  prolific 
vendor  for  the  RBOCs. 


As  a  first  step  in  determining  the  feasibility  of  using 
existing  buried  cables  to  facilitate  a  FITL  upgrade, 
laboratory  experiments  and  outdoor  tests  have  been 
performed  aimed  at  removing  the  copper  conductors,  or 
"cores',  from  typical  telephone  distribution  cables.  The 
ability  to  remove  the  cores  of  such  cables  between 
existing  curbside  pedestals  would  allow  the  possible 
use  of  the  resultant  pathway  to  place  fiber-optic  media. 
The  successful  removal  of  the  core  of  a  copper  cable 
depends  upon  the  corxJition  of  the  sheath,  as  well  as  the 
details  of  the  cable  construction  (as  originally  specified 
by  the  particular  cable  manufacturer). 

Outdoor  tests  were  performed  on  various  lengths  of 
buried  100-pair  air-core  and  filled  cables.  Waterproof 
cables  filled  with  petroleum  jelly  (PJ)  as  well  as 
extended  thermopla^ic  rubber  (ETPR)  filling  compound 
were  tested.  The  use  of  a  silicone  emulsion  as  an 
internal  lubricant  in  an  air-core  cable  reduced  the  peak 
required  pulling  forces  to  half  that  required  for  a  non- 
lubricated  sample,  allowing  the  successful  removal  of 
copper  cores  of  up  to  200  ft.,  with  indications  of  greater 
possible  lengths.  Similarly,  heating  waterproof  cables, 
allowing  the  filling  and/or  flooding  compounds  to  soften 
or  melt,  reduced  the  required  core  removal  force  for  a 
PJ-fllled  cable  to  less  than  one-third  that  of  an  unheated 
sample,  and  repeatedly  allowed  removal  of  150  ft.  core 
lengths  of  ETPR-filled  cable  which  was  otherwise  not 


possible.  The  heating  operation  was  accomplished  by 
applying  an  electric  welder  to  the  shield  of  the  cable. 
Fiber  cables  of  1/2-in.  diameter  were  inserted  into 
several  of  the  cavities  created.  In  general,  the  results 
clearly  indicate  that  the  successful  removal  of  the  copper 
core  is  dependent  upon  the  sheath  being  undamaged. 

At  the  request  of  a  regional  Bell  operating  company,  an 
early  field  test  was  carried  out  at  on  a  non-working  300 
ft.  length  of  buried  200-pair  air-core  cable.  Although  the 
general  procedure  for  adding  lubricant  to  the  cable  core 
was  demonstrated  to  be  practical,  the  core  removal  was 
not  successful  —  primarily  due  to  the  specific 
construction  of  the  particular  cable  involved.  This 
illustrates  that  the  cable  design  details  are  a  major  factor 
in  determining  the  feasibility  of  the  present  approach. 
Fortunately,  the  most  common  cables  to  be  encountered 
in  actual  practice  in  the  Bell  operating  companies 
correspond  to  those  with  less  problematic  construction. 

Future  efforts  will  investigate  methods  for  re-use  of  the 
created  cavities,  including  expansion  and/or  "cleaning" 
of  the  cavity  --  especially  for  filled  cables  in  which  the  re¬ 
solidified  residue  may  inhibit  the  later  insertion  of  a  fiber 
cable.  In  order  to  be  adapted  into  a  viable  system  to  be 
utilized  by  the  RBOCs,  it  will  also  be  necessary  to 
develop  or  define  methods  for  maintaining  customer 
service  while  performing  this  operation  on  'working' 
cables  (assuming  there  are  no  previously  abandoned, 
non-working  cables  along  the  route),  and  to  determine 
appropriate  equipment  and  procedures  for  practical 
application  in  the  field. 
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The  develcfment  of  a  new  zero  halogen,  low  smoke, 
fire  retardant  cable  jacketing  conpound  is 
descri^.  nils  new  material  displays  good 
mechanical  and  thermcmechanical  prcperties.  As  a 
lew  smoke,  zero  halogen  material,  the  generation 
of  acidic:  fumes  and  smoke  is  minimal-  The 
mat^ial  is  also  jucJged  to  produce  very  little 
toxic  emission  vhen  burned.  The  ccjtpound  has 
been  shewn  to  pass  a  standard  vertical  tray  fire 
test  fear  a  typical  power  cable  design. 

One  of  the  main  advantages  offered  by  this  new 
material  over  earlier  products  is  that  its  melt 
visexisity  is  significantly  Icwer.  This  leaHc  to 
a  Icwer  pewer  requirement  for  the  extruder  and 
hence  a  Icw^  melt  ten5>arature  at  hi^er  scarew 
speeds.  This  in  turn  leads  to  significantly 
M^er  oirt^xit  on  any  given  screw  design  and  hence 
lower  production  exists. 

IWPCDOCTtCN 

It  is  new  almost  10  years  sinca  the  first  zero 
halogen  lew  smoke  fire  retardcint  ooropcxinds  were 
r^xart^  at  tho  International  Wire  &  Cable 
Synposium  .  since  that  time  there  have  been  a 
number  of  major  disasters  around  the  world^'^'^ 
vhich  have  hie^ighted  and  enphasised  the  need 
for  materials  with  inproved  performance  in  a 
fire. 


The  first  generation  of  these  inproved  materials^ 
possessed  excellent  fire  and  smoke  properties, 
but  were  mechanically  weak  and  were  slow  to 
process  vhen  compared  to  the  PVC  cxinpounds  which 
they  were  replacing.  The  seexind  generation 
materials  i.e.  exsrpound  S300  were  first  r^xirted 
at  the  IWCS^®  five  years  ago,  and  offered 
produces  whose  mechanical  and  electrical 
properties  were  similar  to  those  of  PVC  jacketing 
cccpcunds.  Since  that  time,  cable  manufachurers 
have  been  pressing  for  cenpounds  with  similar 
mechanical  eind  elechrical  properties,  but  with 
signific:antly  faster  processing  speeeJs.  This 
paper  describes  the  development  and  prxaperties  of 
a  new  sheathing  material  designated  S500,  vhich 
possesses  good  mechanicals  and  can  be  processsed 
at  speeds  similar  to  those  of  PVC  exmpounds. 

MBCHftNiag,  HHCPEKFIRS 

There  are  several  Eurepean  specifications^"^® 
covering  the  performaxx*  of  zero  halogen  lc:w 
smoke  fire  retardant  cable  jacketing  materials. 
Figure  1  shews  seme  of  the  properties  of  cxnpound 
S300  cxnpared  to  those  of  the  new  cxinpound  S500. 
Both  cenpounds  S300  and  S500  meet  the 
reejuirements  of  many  of  the  above  specif  icaticxis. 
As  can  be  seen,  cenpound  S500  has  approximately 
50%  higher  tear  strength  than  the  standard  S300, 
vhilst  possessing  a  significantly  lower  SG  and 
melt  visexisity. 


The  beneficial  fire  properties  offered  by  zer 
halcpen  lew  smoke  fire  retardant  cables  ar 
widely  accepted  around  the  world.  Cables  fo 
instellation  in  areas  where  sme^e  ard  acidic  o 
toxic  fumes  present  particular  problens.  Ther 
are,  many  national  specif icaticxis  covering  th 
performance  of  zero  halogen  low  smoke  fir 
retardant  cables^"!®  along  with  man 

telecoml®"17  and  mas 
transit  authority  specifications  (thi 
references  provided  are  not  designed  to  provide  ^ 
oonprehensive  list  but  serve  to  indicate  th. 
diyeraity  of  cable  types  emd  application! 

zero  halogen,  low  smoke,  fire  retardant 
materials) . 


TOEraCWEaiAWICAI.  PROPlivi-i  I.?; 

Lew  TaujeraLure  Perfen  nunrc 

Figure  2  shews  the  elongation  at  break  of 
standard  dumbells  at  various  tenperatures.  These 
results  would  indicate  that  conpound  8500  should 
be  satisfactory  at  tenperatures  down  to  -40‘’C. 
This  is  a  significant  inprovement  over  the 
performance  of  the  standard  8300. 

High  T\anperature  PerfutnieUCT 

TTie  remits  of  hot  pressure^®  and  hot  deformation 
tests^®  are  presented  in  Figure  3. 
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In  both  cases,  the  S500  compound  gave  slightly 
higher  penetration  and  deformation  values  than 
the  standard  S300  but  despite  this  the  values 
obtained  for  the  hot  pressure  test  at  22% 
penetration  are  still  significantly  belcw  the 
usual  specification  requirement  of  50%  maximum 
penetration  and  therefore  must  be  regarded  as 
perfectly  acceptable. 

«rm  GAR  EwaJuiON 

Ihere  are  a  number  of  test  methods  available  to 
measure  the  acidity  of  the  fumes  evolved  from 
burning  cable  materials.  Generally  zero  halogen 
low  smcdce  f-'re  retardant  materials  perform  well 
in  these  tests  and  conpound  S500  is  no  exc^Jtion. 
Figure  4  shows  the  results  obtained  using  several 
recognised  test  procedures,  along  with  data  from 
a  typical  PVC  conpound  for  oonparisOT.  As  can  be 
seen,  conpound  S500  generates  no  chloride  ion  and 
only  minor  amounts  of  acidic  species  whereas  the 
combustion  of  the  PVC  conpound  results  in  the 
formaticai  of  solutions  vhich  are  guite  acidic. 

aCKE  CTHERKnCN 


this  case  the  PVC  conpound  generates  smoke  at  a 
very  much  faster  rate  than  compound  S500.  Ihe 
PVC  compound  also  generates  a  much  greater 
quantity  of  smoke  leading  to  a  far  greater  degree 
of  obscuration  than  that  of  the  S500  conpound. 

nest  on  Cable 

A  low  voltage  power  cable^  was  tested  in  the  3 
metre  cube  smoke  chamber  as  described  by  the 
appropriate  specification-'.  The  results 
presented  in  Figure  6  show  a  broadly  similar 
picture  to  the  small  scale  material  test  in  that 
the  conpound  S500  generated  only  very  low  levels 
of  smoke,  and  at  a  very  much  lower  rate  of  smoke 
generation  than  the  PVC  conpound. 

TCoacrrY 

Conpound  S500  has  been  tested  to  th<!  UK  Navy 
NES713^^  and  the  results  presented  in  Figure  7. 
The  UK  Navy  reguires  a  naximum  value  of  Toxicity 
Index  of  vhilst  that  of  S500  was  only  1.1. 
The  results  also  serve  to  hi^li^t  the  zero 
halogen  nature  of  the  material. 


fain  MEtteHai 


FIRE  FHDIWn>S 


The  NBS  smoke  Chamber  is  the  basis  for  the  ASIM 
E662  :  1983  test  method.  The  results  presented 
in  Figure  5  shew  the  performance  of  conpound  S500 
conpared  to  that  of  a  typical  PVC  conpound.  In 


The  results  of  small  scale  material  tests  are 
presented  in  Figure  8,  and  clearly  demonstrate 
the  fire  retardant  nature  of  S500.  Low  voltage 
power  cables^  jacketed  with  conpound  S500  have 
been  subjected  to  a  vertical  tray  bum  test^^ . 
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In  this  test,  any  non-metallic  portions  of  the  Figures  9-11  show  that  on  each  screw  design 

cable  are  regarded  as  potential  fuel.  The  3m  coipound  S500  requires  significantly  less  screw 

high  cable  ladder  was  loaded  with  sufficient  torque  than  S300.  Ihis  is  due  to  the  reduced 

cables  in  a  defined  manner,  such  that  the  volume  melt  viscosity  of  cotipound  S500.  Figures  12  and 

of  non-metallic  materials  was  1.5  litres  per  shew  the  screw  torque  of  each  cesrpound  on  the 

vertical  metre  of  ladder.  A  70,  000  Btu  flame  different  screw  designs.  Here  it  is  clear  that 

was  applied  for  the  specified  20  minute  period  screw  designed  for  low  smoke  zero  halogen 

after  viiich  time  the  char  damaged  to  the  cable  fire  retardant  cenpounds  requires  Icwer  torque 

jacket  was  limited  to  less  than  1.5  metres  fran  than  each  of  the  other  screw  designs  for  a  given 

the  flame.  11113  falls  well  within  the  allowable  cempound. 


parameters  of  the  test  method. 
PHDCESSIMG 


Figure  14  shews  the  volumetric  outputs  obtained 
fresn  each  screw  design  on  both  cempounds. 


Screw  Design  It  is  reasonable  to  consider  the  extruder  to  be  a 

volumetric  pump  and  so  it  is  not  surprising  to 
Ihe  cable  industry  utilises  several  different  simlar  volume  outputs  for  each  material  on 

types  of  materials;  the  processing  of  which  has  ®  given  screw  design.  Again  the  screw  specially 

been  eptimised  over  several  decades.  It  was  of  designed  for  low  smoke  compounds  gave  the  highest 

interest  therefore  to  examine  the  extrusion  output.  Indeed,  for  this  latter  screw  rotating 

characteristics  of  S500  on  a  number  of  different  25  rp*n  (i.e.  15  litres/hour)  the  flexible  PVC 

screw  designs.  For  this  work^^,  a  48mm  24  L/D  screw  wuld  need  to  achieve  40  rpm  whilst  the 

extruder  was  used,  which  could  be  fitted  with  rigid  PVC  screw  would  need  to  be  in  excess  of  50 

screws  which  normally  sre  used  for  (a)  flexible 
PVC,  (b)  rigid  PVC  and  (c)  zero  halogen,  low 

smdee,  fire  retardant  corpounds^'* .  In  this  H4A*X.TxVITy  IHraoVBlBns 

series  of  experiments,  the  characteristics  of  the 

stand^urd  lew  smoke  zero  halogen  cempound  S300  In  a  further  series  of  e>q5eriments^^'^®  on 

were  cesapared  to  those  of  the  new  S500  cotpound,  somewhat  larger  extruders,  similar  results  have 

cind  the  results  aure  presented  in  Figures  9-14.  been  obtained.  For  these  experiments,  screws 

whose  designs  have  been  optimised  for  low  srxDke 
zero  halogen  fire  retardant  conpounds  were 
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crosshead  and/or  a  sliAtly  different  screw 
design  . 


Figures  15  and  16  again  demonstrate  that  on  a 
given  screw  design,  the  S500  conpound  requires 
less  torque  than  the  S300  conpound.  Ihis  reduced 
pcwer  demand  results  in  slower  rise  in  melt 
teirperature  as  the  screw  is  accelerated. 

If  the  speed  of  extrusion  is  limited  by  the 
maximum  melt  temperature  of  aj^rox  175‘’C,  then 
the  screw  speed  at  vdiich  this  temperature  is 
reached  is  significantly  hi^er  for  S500  than  for 
S300.  Ihis  is  clearly  demonstrated  by  Figures  17 
and  18. 

This  increase  in  screw  speed  provides  a  very 
significant  increase  in  output. 

By  examining  the  data  presented  in  Figures  17  - 
19  it  is  possible  to  estimate  the  iitprovements  in 
productivity  afforded  by  compound  S500.  These 
are  summarised  in  Figure  20,  and  demonstrate  that 
coipcund  S500  can  provide  up  to  almost  50% 
increase  in  productivity  over  S300.  Whilst  the 
results  fron  the  150nTO  extruder  are  not  guite  as 
good  as  from  the  120mm;  nevertheless  the 
manufacturer  of  the  extrusion  equipment  feels 
that  further  significant  output  improvements  can 
be  gained  by  utilising  a  more  appropriate 
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S500  is  a  polyolefinic  material  and  can  therefore 
be  oriented  by  increasing  the  drawlcwn  ratio 
during  extrusion.  Figures  21  and  22  derocaistrate 
clearly  tliat  increased  drawdown  can  lead  to 
increased  shrinkage.  It  should  be  esrphasised 
that  these  results  have  been  obtained  on  dumbell 
saitples  rather  than  measuring  sheath  retraction. 
The  authors  feel  that  dumbell  shrinkage  is  a  more 
sensitive  measure.  The  results  in  Figures  21  and 
22  clearly  show  that  even  after  7  days  at  lOO^C, 
the  shrinkage  is  acceptable  providing  the 
drawdown  ratio  is  k^  low.  For  most  purposes  a 
drawdown  ratio  of  1.5:  gives  adequate 
performance. 
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1.  The  properties  of  a  new  thermoplastic  lew 
smoke  zero  halogen  conpound  S500,  have  been 
described,  and  can  satisfy  a  number  of 
existing  ^lecifications. 

2.  S500  can  provide  inprovements  in 

productivity  of  almost  50%  over  the  standard 
zero  halogen  cenpeunds. 
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TECHNIQUES  TO  CHARACTERIZE  THE  CORROSIVITY  OF  CABLE  FIRE-PRODUCTS 
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Abstract 

Two  standardized  techniques  have  been  devel¬ 
oped  to  characterize  the  corrosivity  of  cable 
fire-products.  Technique  I  assesses  the  immediate 
corrosion  due  to  condensing  fire-products  on  a 
surface,  and  Technique  II  assesses  the  long  term 
post-fire  corrosion  due  to  contaminated  aqueous 
solution  in  contact  with  a  surface. 

Using  these  techniques,  the  nonthermal  hazard 
and  a  consistent  corrosivity  order  has  been  found 
for  the  fire  products  of  five  cables.  The  extent 
of  nonthermal  hazard  is  consistent  with  the 
chemistry  of  the  cable  insulation  materials.  A 
correlation  between  corrosion  rate  (A/min)  and 
contaminant  surface  density  (ug/sq.  cm.)  is  also 
obtained  by  the  combined  application  of  Technique 
II  and  the  ion-selective  electrode  analytical 
technique.  The  critical  chloride  level  is  found 
to  be  3.2  ug/cm*,  below  which  nonthermal  hazard 
(corrosion  damage)  by  chloride  is  not  expected. 


Introduction 

When  i,ables  are  exposed  to  heat  in  a  fire, 
products  are  generated  which  can  cause  damage  due 
to  1)  smoke  deposition,  and  2)  corrosion  of 
mechanical,  electrical  or  electronic  parts  and 
chemical  attack  on  the  building  Itself.  Deunage 
due  to  smoke  and  corrosive  products  on  surfaces 
away  from  the  fire  origin  is  defined  as  nonthermal 
damage.  The  characterization  of  smoke  and 
corrosivity  of  fire-products  is  thus  needed  for 
the  prediction  of  the  extent  and  nature  of 
property  damage. 

Presently,  most  existing  cable  standards 
classify  cables  on  the  basis  of  fire  propagation 
and  heat  release  rate.  Cable  fire  products  re¬ 
sponsible  for  nonthermal  damage  (corrosion)  are 
seldom  considered.  Thus  little  work  for  the 
characterization  of  cable  fire-products  corros¬ 
ivity  has  been  reported  in  this  area.  This 
presentation  describes  the  techniques  that  are 
being  developed  at  the  Factory  Mutual  Research 
Corporation  (FMRC). 


Since  cable  fire-products  contaminate  surfaces 
in  the  form  of  hot  flowing  mixtures  or  in  the  form 
of  condensate,  the  assessment  of  nonthermal  damage 
is  conducted  through  two  approaches: 


1)  quantification  of  the  corrosion  rate  of  a  probe 
due  to  the  effect  of  hot  flowing  fire-products 
coming  in  contact  with  a  metal  surface,  by  Tech¬ 
nique  1,  and  2)  quantification  of  the  corrosion 
rate  of  a  probe  exposed  to  aqueous  solution  (known 
volume)  contaminated  with  fire-products  by 
Technique  II. 

Experimental 

1)  Technique  I.  In  this  technique,  materials 
are  burnt  in  the  FMRC  Ignition,  Pyrolysis- 
Combustion-Flame-Spread  (IPCFS)  Apparatus.  Fire- 
products  generated  are  channeled  through  a  small 
Pyrex  tube  of  1.0  in  (.025  m)  I.D.  and  targeted 
towards  a  highly  sensitive  atmospheric  corrosion 
probe  (Figure  la),  placed  1  in.  (.025  m)  above  the 


Figure  la.  IPCFS  Apparatus  Adopted  with  Corrosion 
Measurements . 
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Pyrex  tube.  This  arrangement  maximizes  direct 
contact  and  hence  the  chemical  interaction  between 
the  hot  flowing  fire-products  and  the  metal  probe. 
The  probe  consists  of  a  reference  side  and  a 
measuring  side,  both  made  up  of  the  same  element. 
The  reference  side  is  protected  from  corrosion 
attack  by  a  "hemifil"  coating.  The  surface  temp¬ 
erature  of  the  probe  is  kept  below  60°  C  by  cir¬ 
culating  cold  water.  Corrosion  on  the  probe  is 
monitored  by  a  Rohrback  Casasco  Corrosometer .  A 
microcomputer  system  connected  to  the  corrosometer 
measures  corrosion  by  the  change  in  electrical 
resistance  of  the  probe.  When  corrosive  fire- 
products  (anions)  react  with  the  probe  surface, 
chemical  compounds  are  formed  between  the  metal 
and  anions  in  the  presence  of  moisture  via 
electrolytic  processes.  This  results  in  reduced 
conductivity  and  increased  electrical  resistance 
of  the  probe.  The  corrosometer  circuit  converts 
thi|  change  directly  to  a  linear  readout  in  units 
of  A.  The  extent  of  corrosion  damage  resulting 
from  the  hot  flowing  fire-products  is  quantified 
in  terms  of  corrosion  rate,  R,  such  that 

R  :  D/t  (1) 

O 

where  R  =  corrosion  rate;  units  mil/hr  or  A/hr, 

D  =  metal  thinning;  corrosometer  readout, 
units  mil  or  A;  and 

t  -  time  of  exposure  to  corrosive  environ¬ 
ment,  unit  min,  hr  etc. 

2)  Technique  II.  Here,  fire-products 
generated  are  first  sampled  onto  an  adsorptive 
medium.  The  adsorptive  medium  used  is  a  Whatman 
circular  filter  paper  (5.5  cm  I.D.).  The  filter 
paper  is  mounted  on  a  tripod  stand  placed  over  the 
Pyrex  tube  (Figure  1b).  Approximately  30  sec. 
after  the  start  of  the  pyrolysis,  the  collection 
of  fire-products  on  filter  paper  begins.  The 
first  filter  paper  is  exposed  to  flowing  fire- 
products  for  1  rain,  after  which  it  is  replaced  by 
a  second,  and  this  procedure  is  repeated.  In  the 
experiments,  the  filter  papers  are  prewetted  to 
enhance  the  adsorption  capacity  for  hydrophilic 
compounds  such  as  hydrochloric  acid  (HCl).  Usu¬ 
ally  6-8  samples  of  contaminated  filter  paper  are 
collected  for  each  test.  Water-soluble  fire- 
products  adsorbed  on  the  filter  papers  are 
desorbed  by  extraction  in  50  ml  (c.c.)  of  dis¬ 
tilled  water.  The  nonthermal  hazard  of  this 
solution  is  gauged  by  the  corrosion  rate  of  a  mild 


Figure  lb.  Tripod  Stand. 


Figure  2.  Correlation  Between  Chloride  Level  and 
Corrosion  Rate. 


steel  probe  exposed  to  the  solution,  whose  rate  is 
determined  by  the  corrosometer  described  above. 

The  corrosivity  of  each  sample  is  computed 
according  to  Equation  1. 

Concentrations  of  tons  of  interest  present  in 
the  extracted  samples  are  determined  by  the  ion- 
selective  electrode  (ISE)  technique  (1).  The 
activity  (concentration)  of  a  specific  ion,  e.g., 
Ct,  is  measured  in  terms  of  its  potential  by  a 
voltmeter;  and  the  potentials  of  known  chloride 
standard  solutions  are  obtained  similarly.  A 
calibration  graph  of  potential  (mv)  vs.  concentra¬ 
tion  (ug/ml)  is  prepared.  From  this  plot,  the 
quantity  of  chloride  ions  (pg)  present  is  estimat¬ 
ed,  which  with  the  effective  area  for  ion 
adsorption,  yields  the  ionic  surface  density 
(pg/cm‘).  By  correlating  the  ionic  surface 
density  with  the  corresponding  corrosion  damage 
for  some  pure  RVC  polymer  samples,  the  critical 
chloride  level  for  nonthermal  damage  can  be 
determined  (Figure  2). 

Results  and  Discussion 


Fire-products  from  five  cables  designated  as 
C1-C5  have  been  examined.  Among  them  Cl  and  C2 
are  chlorinated  cables,  C3  is  fluorinated  and  C4 
and  C5  are  non-chlor inated  cables.  Corrosion 
hazards  of  fire-products  follow  the  order  C5  <  C4 
<  C2  ^  Cl  •'  C3  (Table  I).  This  order  is  con- 


Table  I 


Indication  of  Cable  Fire-Products  Corrosivity 


Cable 

Possible  Corrosive 

bod 

Corrosion 

Rate 

Sample 

Chemicals  Involved 

(m‘^/g) 

(mll/hr  per  g 

of  mass  loss) 

Technique  I 

Technique  11 

Cl 

HCl 

0.32 

1.0  X  10'^ 

6.5  X  10'3 

C2 

HCt 

1.10 

3.4  X  10"’ 

1.9  X  10'3 

C3 

HF 

0.76 

6.0  X  10'^ 

3.2  X  10-1 

Cb 

-- 

0.42 

0.4  X  10'^ 

1.2  X  10'° 

C5 

-- 

0.87 

0.2  X  10'^ 

1.0  X  10"^ 

Note:  MOD  Mass  Optical  Density 
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sistent  with  the  chemistry  of  the  cable  insulation 
materials,  hepeatabil ity  and  consistency  of  the 
data  suggest  the  possibility  of  adapting  the 
corrosivity  tests  to  current  and  future  cable 
standards. 


A  correlation  between  ionic  surface  density 
(Mg/cm^)  and  corrosion  rate  (mil/hr)  established 
for  various  chlorinated  fire-products  (Figure  2) 
indicates  the  critical  chloride  surface  density 
3.2  vg/cm^;  this  value  agrees  with  findings  by 
Reagor  (2)  and  Rislund  (3).  At  or  below  this 
level,  Chloride  is  reported  to  present  no  cor¬ 
rosion  hazard.  Chloride  contamination  levels  of 
various  fire-products  are  indicated  in  Table  II. 
The  data  obtained  are  consistent  with  previous 
findings  such  that  chloride  levels  of  40  ^ig/cnr 
and  above  correspond  to  surfaces  heavily 
contaminated  from  PVC  fires. 


Table  II 

Correlation  Between  Chloride  Level  and  Corrosion  Rate 


Sample 

Chloride  Level 
( vg/cm^) 

Corrosion  Rate 
( A/min) 

ft 

PE(251>Cl),  1st  collection 

63.25 

4.0 

« 

PE(25%CA),  last  collection 

17.75 

2.8 

ft 

PVC,  1st  collection 

80.55 

3.9 

ft 

PVC,  last  collection 

13.26 

2.8 

— 

PVC,  1st  collection 

392.93 

6.4 

PVC,  2nd  collection 

429.78 

7.4 

PVC,  3rd  collection 

372.10 

5.1 

-- 

PVC,  last  collection 

67.73 

4.0 

Note: 

»  denotes  Chloride  ions  extracted  from  dry  surface 
—  denotes  Chloride  ions  extracted  from  prewetted  surface 
Ail  samples  are  collected  from  fire  products  of  pure 
polymer  powders 


Conclusion 

With  the  development  of  standardized 
corrosivity  techniques  for  fire-products,  the 
assessment  of  corrosion  hazards  of  various 
materials  is  made  possible  in  tests  at  laboratory 
as  well  as  at  full-scale.  Samples  tested  have 
Included  fire-products  from  cables,  cables  with 
coatings,  and  from  chlorinated  pure  polymers  as 
well  as  decomposed  Halon  products. 
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ABSTRACT 

An  FTIR  method  has  been  developed  to  quantify  the 
concentration  of  a  Thioester  Antioxidant  in  Extended 
Thermoplastic  Rubber  (ETPR)  and  Polyethylene  Petroleum 
Jelly  (PE/PJ)  Cable  Filling  Compounds.  The  precision  of 
the  method  has  been  established  using  statistical  analysis. 

To  better  understand  the  relationship  betvi/een  the 
antioxidant  concentration  of  a  Cable  Filler  and  the 
oxidative  stability  of  the  material  using  Differential 
Scanning  Calorimetry  (DSC),  an  extensive  study  was 
undertaken  to  correlate  measured  concentrations  of 
antioxidant  to  the  Cable  Filler's  Oxidation  Induction  Time 
(OIT).  The  antioxidant  concentration  was  found  to  be 
linearly  proportional  to  OIT  in  the  range  of  interest. 

Although  the  OIT  performance  test  is  an  indicator  of  the 
level  of  antioxidant  in  Cable  Filling  compounds,  the  FTIR 
method  is  an  analytical  tool  that  can  determine  precisely, 
directly  and  quickly  the  actual  concentration  of  antioxidant 
in  Cable  Fillers.  This  method  is  also  suitable  for  use  in 
quality  assurance  programs. 


INTRODUCTION 

Historically,  the  Oxidation  Induction  Time  has  been  used 
as  a  Quality  Assurance  indicator  for  Cable  Filling 
Compounds.  Alternate  methodologies  have  been 
investigated  in  the  past.  These  include  complicated 
extraction  processes  as  well  as  High  Performance  Liquid 
Chromatography  (HPLC).  The  resulting  methods  could  not 
readily  quantify  the  antioxidant  content  in  Cable  Fillers. 
Additionally,  the  methods  did  not  exhibit  satisfactory 
repeatability  or  analysis  time  was  prohibitively  long  to 
allow  the  method(s)  to  be  used  as  a  routine  test.  A 
quantitative  FTIR  method  which  readily  monitors  the 
concentration  of  antioxidant  is  proving  to  be  a  valuable 
tool  for  investigating  Cable  Filler  performance. 

PROCEDURE 
FTIR  Sample  Preparation 

A  thin  film  KBr  transmission  cell  equipped  with  Luer  Loks® 
and  a  0.5mm  insert,  a  suitable  syringe,  and  the  Cable 
Filler  sample,  are  preheated  to  1 10°C.  tOcc  of  the  molten 
Cable  Filler  sample  is  injected  through  the  cell.  This  both 


washes  out  the  residue  of  the  previous  sample  and 
introduces  the  new  one.  The  sample  and  ceil  are  left  face 
up  to  equilibrate  to  room  temperature  and  to  prevent  the 
Cable  Filler  from  exiting  the  Luer  Loks®,  subsequently 
causing  voids  in  the  sample.  Disassembling  the 
transmission  cell  should  be  avoided,  as  this  may  change 
the  path  length  and  necessitate  recalibration.  After  the 
sample  In  the  cell  has  cooled  and  set,  inspect  the  cell.  If 
there  are  obvious  voids,  reheat  the  cell,  and  reintroduce 
the  sample. 

FTIR  Settings 

A  Mattson  Polaris  single  beam  FTIR  was  used  for  this 
procedure  Typical  data  handling  software  for  the 
integration  and  plotting  was  also  used.  The  spectra  was 
produced  using  16  scans  with  a  resolution  of  4  and  a 
signal  to  gain  of  1 . 

OIT  Sample  Preparation 

The  Cable  Filler  sample  is  melted  at  a  temperature  of 
110°C  and  thoroughly  mixed.  A  portion  of  this  molten 
mixture  is  poured  on  a  room  temperature  surface  in  order 
to  cast  a  film.  After  this  layer  solidifies  an  OIT  sample  is 
cut  from  the  layer  using  a  razor  blade. 

PIT  Settings 

A  Perkin  Elmer  DSC7  instrument  and  a  modified  ASTM  D 
3895-80  procedure  using  50  ml/min  gas  flows,  were  used 
for  the  OIT  analysis.  The  OIT  sample  size  is  4  ±  0.25  mg 
placed  in  a  pre-oxidized  open  copper  pan.  (To  pre-oxidize 
the  copper  pan,  it  is  held  in  a  bunsen  burner  2-3  seconds 
until  the  pan  glows.  This  procedure  is  repeated  twice.) 
The  isothermal  temperature  is  190°C,  with  a  temperature 
rate  from  ambient  to  isothermal  of  10'’C/min.  There  is  an 
equilibrium  time  of  2  minutes  at  the  isothermal 
temperature  after  which  the  oxygen  flow  is  started.  The 
recorder  used  is  a  Perkin  Elmer  GP2,  displaying  heat  flow 
vs.  time 

DISCUSSION  AND  RESULTS 

FTIR  Spectra  of  ETPR  and  PE/PJ  Cable  Fillers 
Figure  i  is  the  FTIR  absorbance  spectrum  of  a  sample  of 
ETPR  Cable  Filler  and  Figure  2  is  the  FTIR  absorbance 
spectrum  of  a  sample  of  PE/PJ  Cable  Filler;  both  Cable 
Fillers  contain  thioester  antioxidant  (Thiodiethylene  bis(3,5- 
di-tert-butyl-4-hydroxyhydrocinnamate)).  At  a  0.5mm  film 
thickness,  a  portion  of  each  spectrum  is  off  scale,  but  the 
area  of  interest  is  in  the  proper  range.  The  carbonyl  peak 
Is  readily  visible  at  1744cm '.  There  are  no  interferences 
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from  other  components  in  either  the  ETPR  or  PE/PJ  Cable 
Filler  so  the  carbonyl  peak  can  be  used  for  quantification 
of  the  thioester  antioxidant. 


FTIR  Absorbance  Spectrum  of  a  Typical  ETPR  Cable  Filler 

WAVELENGTH  (um) 


Figure  1 


WAVENUMBERS 


FTIR  Absorbance  Spectrum  of  a  Typical  PE/PJ  Cable  Filler 


WAVELENGTH  (im) 


Figure  2 


WAVENUMBERS 


Calibration  Standards 

Cable  Filler  standards  containing  a  known  thioester 
antioxidant  concentration  were  analyzed  via  the  FTIR 
method.  Figure  3  is  an  overlay  of  the  carbonyl  (C=0, 
1744cm’)  peaks  associated  with  the  various 
concentrations  of  standards.  The  peak  area  associated 
with  the  carbonyl  (C=0)  group  in  the  thioester  antioxidant 
was  used  to  produce  both  linear  and  quadratic  calibration 
curves. 

The  linear  curve  is  accurate  for  the  range  of  0.2  to  1.6 
wgt%  thioester  antioxidant  and  the  quadratic  curve  is 
accurate  to  2.5  wgt%.  The  quadratic  calibration  curve 
takes  into  account  the  nonlinear  relationship  between 
antioxidant  concentration  and  the  peak  area  when  the 
carbonyl's  FTIR  absorbance  became  greater  than  1.2. 


Overlay  of  FTIR  Cartxinyl  Peaks  for  Various  Conceritrations 
of  Thioester  AnIioxidanI  in  ETPR  Cable  Filler 


1.935  wgt%  Thioester  Antioxidant 
0.951  wgt%  Thioester  /Vitioxidant 
0.525  wgt%  Thioester  Antioxidant 
0.200  wgt%  Thioester  Antioxidant 
ETPR  Base  Material 


1700 

Figure  3  Wavenumbers  (cm-1) 


The  Cable  Filler  base  material  was  found  to  have  a 
constant,  residual  absorbance  in  the  part  of  the  spectrum 
where  the  carbonyl  peak  appears.  This  residual  carbonyl 
peak  area  was  taken  into  account  when  calculating  both 
calibration  curves.  The  data  in  Figure  3  was  used  to 
produce  a  quadratic  calibration  curve  having  a  correlation 
coefTicient  of  0.99967.  This  calibration  curve  is  pictured 
in  Figure  4. 

FTIR  Carbonyl  Peak  Area  vs.  Thioester  Antioxidant 


Concentration  in  ETPR  Cable  Filler 


Repeatability  of  FTIR  Method 

A  single  sample  of  Cable  Filler  was  analyzed  several 
times  over  a  7  month  period.  For  each  analysis,  the 
sample  was  injected  into  the  0.5mm  path  length  FTIR 
sample  cell.  The  FTIR  method  repeatedly  verified  this 
sample  to  contain  thioester  antioxidant  in  the  range  of 
0.432  to  0.439  wgt%  antioxidant  when  using  the  linear 
calibration  curve  based  on  the  carbonyl  peak  area.  Using 
this  data  a  standard  deviation  of  0.0025  wgt%  is 
calculated;  the  precision  of  the  analysis  on  a  single 
sample  appears  to  be  0.005  at  the  95%  confidence  limit. 
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This  demonstrates  both  the  consistency  of  the  method, 
and  that  the  sample  preparation  is  adequate  for  obtaining 
repeatable  results. 

Accuracy  of  FTIR  Method 

Samples  containing  a  known  concentration  in  the  range  of 
0.2  to  1 .6  wgt%  thioester  antioxidant  in  Cable  Filler  base 
material  were  analyzed  via  the  FTIR  method  using  the 
linear  calibration  curve  based  on  the  carbonyl  peak  area. 
The  average  difference  is  less  than  2%  between  the 
known  antioxidant  concentration,  and  the  concentration 
predicted  by  the  FTIR  method. 

Repeatability  of  PIT 

In  order  to  minimize  local  variations  of  antioxidant 
concentration,  a  Cable  Filler  sample  preparation 
procedure  was  followed  (see  Procedure  section).  Using 
this  procedure,  a  series  of  10  measurements  on  a 
representative  sample  resulted  in  a  standard  deviation  of 
2.80  minutes. 

In  contrast  to  the  specified  procedure,  when  the  same 
Cable  Filler  material  was  sampled  without  melting,  only 
partially  melting  or  melting  but  not  mixing,  the  results  of 
OIT  testing  had  a  much  broader  range.  A  series  of  19 
measurements  resulted  in  a  standard  deviation  of  21.2 
minutes.  The  specified  sample  preparation  significantly 
reduces  the  range  of  OIT  values,  as  evidenced  by  the 
reduction  in  the  standard  deviation. 

Antioxidant  Concentration  vs  OIT 
The  OIT  of  a  Cable  Filling  compound  has  long  been  used 
as  a  performance  indicator  of  the  material.  OIT  testing 
has  demonstrated  that  increased  levels  of  antioxidant 
have  increased  the  performance  of  the  Cable  Filling 
compound.  A  correlation  between  antioxidant 
concentration  and  OIT  performance  is  a  significant  step  in 
the  ability  to  improve  Cable  Filler  materials. 


Thioester  Antioxidant  Concentration 
vs.  Oxidation  Induction  Time 
For  ETPR  and  PE/PJ  Cable  Fillers 


Samples  of  ETPR  and  PE/PJ  Cable  Fillers,  containing 
thioester  antioxidant,  have  been  analyzed  for  their 
antioxidant  concentration,  via  FTIR.  and  their  Oxidation 
Induction  Time.  Figure  5  demonstrates  the  linear 
relationship  between  the  antioxidant  concentration  and 
OIT  within  the  range  of  practical  interest. 

The  OIT  data  represented  in  Figure  5  was  analyzed  via 
the  modified  ASTM  D  3895-80  procedure  using  50  ml/min 
gas  flows.  Selected  representative  samples  from  this  data 
were  also  analyzed  via  the  modified  ASTM  procedure 
using  200  ml/min  gas  flows.  No  statistical  difference  in 
OIT  measurements  were  found  between  these  two  sets  of 
data. 

CONCLUSIONS 

An  FTIR  spectroscopic  method  has  been  developed  that 
directly  quantifies  the  antioxidant  concentration  in  ETPR 
and  PE/PJ  Cable  Filling  Compounds,  which  is  critical  to 
the  performance  of  the  finished  telecommunications  cable. 

The  repeatability  and  accuracy  of  this  method  is 
satisfactory  for  the  concentration  of  thioester  antioxidant 
in  the  range  of  0.2  to  1.6  wgt%. 

The  FTIR  analysis  method  may  also  be  viable  for  Quality 
Assurance  in  cable  filler  production. 

It  has  been  verified  that  the  antioxidant  concentration 
linearly  correlates  to  the  Oxidation  Induction  Time  (OIT)  of 
Cable  Fillers. 

Future  Work 

Future  work  will  focus  on  migration  of  antioxidants  into 
and  out  of  filling  compounds  and  the  effects  of  differing 
antioxidants  and  stabilizers  on  the  thermal  stability  of  the 
filler  and  insulation  as  reflected  in  OIT  measurement. 
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ON-LINE  TEMPERATURE  MEASUREMENT  OF  OPTICAL  FIBER  AND  TELEPHONE  WIRE 


Don  Willett 
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Santa  Clara,  CA 


Manufacturers  of  optical  fiber  and  telephone  wire  are 
increasingly  under  pressure  to  improve  quality,  while  at 
the  same  time  increase  production  speed.  A  reliable  and 
repeatable  system  for  on-line,  non-contact  temperature 
measurement  and  control  can  help  ameliorate  this 
situation. 

The  quality  of  optical  fiber  is  highly  dependent  upon  the 
temperature  of  the  fiber  as  it  enters  the  inner-primary 
coating  cup.  Particularly  as  line  speeds  increase  to  1500 
meters  per  minute  and  higher,  the  demand  for  tighter 
specifications  calls  for  measuring  and  controlling  the  fiber 
temperature  prior  to  coating. 

With  telephone  wire  a  similar  situation  exists.  The 
temperature  of  the  bare  wire  prior  to  extrusion  coating 
strongly  affects  the  final  insulation  quality.  Measuring  the 
wire  temperature  after  the  preheater  and  sending  a 
control  signal  to  the  preheater  temperature  controller 
virtually  assures  consistent  wire  quality,  even  at  speeds 
of  2500  meters  per  minute  and  higher. 

The  non-contact  temperature  measuring  systems 
described  in  this  paper  determine  the  temperature  of  both 
optical  fiber  and  wire  by  measuring  heat  flow  between  the 
sensing  head  and  the  moving  filament.  By  using  two  sets 
of  sensors  operating  at  different  known  temperatures,  the 
system  is  fully  auto-calibrating*.  In  operation,  once  the 
user  sets  the  "setpoint  temperature"  with  easy  front  panel 
switches,  there  are  no  future  adjustments  or  calibration 
required. 


Measuring  Optical  Fiber  Temperatures  Purina  High- 
Speed  Drawing  and  Coating 

During  high-speed  drawing  and  coating  of  optical  fiber,  it 
is  important  that  the  temperature  of  the  fiber  at  the  entry 
to  the  inner-primary  coating  cup  be  within  a  few  degrees 
of  the  target  temperature  to  assure  producing  high 
quality,  constant  thickness  fiber.  Excessively  high  fiber 
temperatures  will  cause  deterioration  of  the  coating 
polymer,  while  fiber  temperatures  below  the  acceptable 
range  will  result  in  adherence  problems  and  variations  in 
coating  thickness.  In  modern  high-speed  draw  towers, 
forced  convective  cooling  is  used  to  cool  the  fiber. 
Particularly  with  forced  cooling,  it  is  important  that  the 
fiber  temperature  be  measured  at  the  entry  to  the  inner¬ 
primary  coating  cup  to  assure  proper  fiber  temperature. 

*U.S.  and  Foreign  Patents  Pending 


A  schematic  of  a  simplified  draw  tower  and  coating 
system  is  shown  in  Figure  1 .  Note  that  additional 
temperature  measurement  points  of  interest  are  prior  to 
the  outer-primary  coating  cup  and  after  ultra-violet  curing 
of  the  coatings. 


Figure  1  -  Optical  Fiber  Draw  Tower  and  Coating  System 
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optical  fiber  temperature  measurement  is  difficult 
because  { 1 )  the  diameter  could  oe  as  small  as  1 25 
microns,  (2)  lateral  movement  could  be  as  great  as  three 
diameters  and  (3)  no  contact  is  allowed  because  it  would 
damage  the  optical  characteristics  of  the  fiber.  Infrared 
temperature  measurement  devices  are  not  usable 
because  of  the  small  target  size  and  lateral  movement  of 
the  fiber.  Typical  temperature  of  optical  fibers  prior  to 
coating  are  in  the  range  of  50-1 30°C  depending  on  the 
point  of  measurement  and  the  fiber  making  process  being 
used. 

Measuring  Small-Gauae  Telephone  Wire  Temperature 
Prior  to  Extrusion 

The  specifications  for  insulation  characteristics  of  cellular 
and  solid  polyethylene  and  polypropylene  insulated 
telecommunications  wire  are  becoming  increasingly 
tighter.  Meeting  these  requirements  in  production 
requires  reliable  and  consistent  bonding  of  the  plastic  to 
the  wire  as  well  as  proper  foaming  of  the  insulation. 
J'-'articularly  with  today's  higher  line  speeds,  close  preheat 
temperature  control  is  an  essential  element  in  achieving 
these  objectives. 

Elevating  the  surface  temperature  of  the  metallic 
conductor  above  room  temperature  is  critical  to  proper 
extrusion  coating  for  both  types  of  insulation.  This 
becomes  apparent  when  the  product  from  automated 
extrusion  lines  is  checked  for  uniformity  of  the  principal 
parameters  needed  for  paired  telephone  cable 
conductors. 

Wire  preheaters  are  used  to  heat  the  conductor  to  the 
desired  temperature  prior  to  extruding  the  coating. 
However,  preheaters  have  no  inherent  mechanism  for 
maintaining  constant  wire  temperature.  Basically,  their 
function  is  to  increase  the  wire  temperature  by  a  certain 
number  of  degrees  as  selected  by  an  operator.  So  as  the 
temperature  of  the  wire  entering  the  preheater  changes, 
the  temperature  of  the  wire  exiting  the  preheater  changes 
by  the  same  amount. 

To  control  the  actual  wire  temperature,  it  must  be 
measured  as  it  leaves  the  preheater  and  a  feedback 
control  signal  sent  to  the  preheater  temperature 
controller.  This  not  only  assures  constant  wire 
temperature  as  other  conditions  change,  it  also  makes 
frequent  operator  attention  unnecessary. 

Traditionally,  the  problem  with  wire  temperature  control 
has  been  that  no  easy-to-use,  accurate  and  reliable 
method  has  been  available  to  measure  wire  temperature, 
particularly  small  gauge  wire  running  at  high  speed. 
Rotating  contact  thermocouples  suffer  from  accuracy  and 
reliability  problems,  while  infrared  devices  have  problems 
with  small  target  size  and  variations  in  surface  emissivity, 

A  Non-Contact.  Auto-Calibrate  Temperature 
Measurement  System 

The  subject  systems  employ  a  convective  heat  flow 
sensing  principle  to  determine  the  temperature  of  small. 


rapidly  moving  “products"  (i.e.,  optical  fiber  or  wire) 
without  making  contact.  Earlier  implementations  of  this 
technology  suffered  from  the  need  for  frequent  and 
cumbersome  on-line  calibration.  The  current  systems 
feature  microprocessor-based  electronics  and  sensing 
heads  with  two  sections  operating  at  different  known 
temperatures  to  accomplish  true  auto-calibrate  operation. 
See  reference  (1)  for  more  details. 

Figure  2  shows  diagrammatically  the  relationship  of  the 
moving  product  to  the  two  sections  "A"  and  “B"  of  the 
sensing  heads.  The  auto-calibrating  system  uses  pairs  of 
heat  flow  sensors  that  are  matched  to  have  the  same 
sensitivity  operating  at  two  different  measured 
temperatures.  The  “A"  section  of  the  head  is  heated 
under  PID  control  to  an  operator  determined  "Setpoint 
Temperature"  that  is  typically  slightly  higher  than  the 
product  temperature.  The  "B"  section  is  thermally 
coupled  to  the  “A"  section  through  a  specially  designed 
conductive  path,  causing  it  to  come  to  equilibrium  at  a 
lovyer  temperature  than  “A"  and  always  tracking  "A". 


CO.MDUCTANCE  HEAT  FLOW  HEAT  FLOW  PRODUCT 

OFAiaGAP(K)  SENSOR-A-  SENSOR-B'  TEMP(Tp) 


Figure  2  -  The  Auto-Callbrating  Temperature  Measurement  Sensing 
Head 

The  signals  from  tfte  heat  flow  sensors  result  from  the 
conductive/convective  heat  flow  rates  between  the 
sensors  and  the  product.  These  signals  are  directly 
proportional  to  the  difference  in  temperature  between 
each  sensor  and  the  product.  The  heat  transfer 
equations  which  govern  the  energy  exchange  and  the 
resulting  signals  from  the  heat  flow  sensors  in  the  two 
sections  of  the  sensing  head  are: 

(1) QA=CA«EA.[^+h,J(Tp-T;,) 

RATE  OF  HtAT  EXCHANGE 
BETWEEN  PRODUCT  AND 
SENSING  HEAD  A 

(2)  QB=CB.EB_-f^  +  hB](Tp-TB) 

RATE  OF  HEAT  EXCHANGE 
BETWEEN  PRODUCT  AND 
SENSING  HEAD  B 

Required  Conditions: 

Ty^  not  equal  to  [5 

,AX  (Thickness  of  air  gap)  the  same  for  heat  flow  sensor 
“A"  and  “S" 
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K  (thermal  conductivity  of  air  in  gap)  the  same  for  heat 
flow  sensor  "A"  and  “B". 

h  (combined  convection/radiation  coefficient)  the  same 
for  heat  flow  sensor  "A"  and  “B". 

Sensitivity  of  heat  flow  sensor  "A"  and  "B"  the  same  (i.e., 
Ca  =  Cb). 


The  system  provides  a  choice  of  analog  output  signals  for 
control  applications;  4-20mA,  0-10V  and  ±5V.  An  RS- 
232C  interface  is  provided  for  connection  to  dataloggers 
and  control  computers. 

The  Sensing  Head  for  Optical  Fiber 


Subtracting  (1)  from  (2): 


The  salient  requirements  for  a  sensing  head  for 
measuring  optical  fiber  temperature  are: 


Ca  Ea  -  CB'Ee  = 


AX, 


■+h. 


(Tp-TA)-|^  +  h8|(Tp-TB) 


Assumption:  Ta>Tb 

=  Cb;  =  Kb;  AX^  =  AXb;  h^  _  hB 


•Fiber  diameter  range  of  1 25  to  500  microns. 

•Lateral  fiber  movement  as  high  as  ±  three  diameters. 
•Measurement  slot  wide  enough  to  prevent  contact 
between  the  fiber  and  the  sensing  head. 
•Measurement  slot  located  and  shaped  so  that  fiber  can 
be  easily  introduced. 


These  assumptions  are  justified  because  Ta  and  Tb  are 
relatively  close  In  value  by  the  design  of  the  conducting 
path  between  A  and  B. 

EA-EB=(^  +  h](Tp-TA-Tp  +  TB)=[^  +  h)(TB-TA) 


c 

C 

Ea  -  Eb 

VAX  ~ 

Tb-Ta 

c 

Shown  in  Figure  3  is  the  design  selected  for  optical  fiber 
applications.  It  features  dual-opposed  heat  flow  sensors 
in  both  sections  of  the  head.  Using  this  approach  allows 
a  direct-access  measurement  slot  for  easy  introduction  of 
the  fiber  and  slot  width  of  0.060"  (1 .5mm)  to  assure  no 
contact  with  the  fiber.  The  dual-opposed  heat  flow 
sensors  are  wired  in  series  to  produce  a  constant  signal 
level  even  if  the  fiber  is  not  perfectly  centered  in  the  slot. 
The  direction  of  travel  of  the  fiber  through  the  sensing 
head  is  important  because  the  entry  section  ("B")  has 
been  made  longer  than  the  exit  section  ("A").  This  is 
done  so  the  boundary  layer  of  air  is  stripped  off  the  fiber 
prior  to  the  heat  flow  measurement. 


Substituting 


Ea  -  Es 
Ts'-Ta 


for 


in(1): 


EA  = 


Ea  -  Ea 
Tb-Ta 


(Tp  -  Ta) 


Rearranging: 

The  following  equation  is  solved  by  the  microprocessor  to 
continuously  display  product  temperature  (Tp) 


(3)Tp  =  Ta  +  E;, 

LEa  -Eb  J 

Note  that  the  terms  for  spacing  (AX)  and  the  conductance 
of  the  heat  flow  path  (K/AX  -t-  h),  both  drop  out  of  the  final 
equation  because  they  are  the  same  for  both  sensors. 

The  system  design  provides  quick  and  easy  start-up,  as 
well  as  long-term  trouble-free  operation.  All  that  is 
required  to  operate  the  system  is  to  set  the  "setpoint 
temperature”  using  the  front  panel  rocker  switches;  after 
that  there  are  no  adjustments  or  calibration  required.  The 
setpoint  temperature  need  not  be  reset  within  a  product 
temperature  range  of  ±60°F  (±33°C). 


Figure  3  -  Luxiron  OPTICAL/FIBcRTEMP  Temperature 
Measurir.g  System 

The  Sensing  Head  for  Telephone  Wire 

Figure  4  shows  the  sensing  head  used  for  telephone  wire 
applications.  In  this  design  there  are  four  heat  flow 
sensors  surrounding  the  product  in  both  sections  of  the 
sensing  head.  This  is  required  because  of  the  high 
speeds  -  up  to  8200  ft/min  (2500  m/min)  -  and  wire 
diameters  as  small  as  0.003"  (0.075mm). 
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Figure  4  -  Luxiron/WIRETEMP  Temperature  Measuring  System 
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Abstract 

Up  to  now,  many  comparative  studies  have 
been  made  between  XLPE  and  EPR  insula¬ 
tions,  most  often  on  short  sample  cables 
or  on  raw  materials .  This  paper  deals  with 
the  experience  acquired  these  past  15 
years  with  the  two  types  of  insulation. 

The  manufacturing  experience  on  identical 
equipment  shows  that  the  characteristics 
of  EPR  cables  are  more  sensitive  prone  to 
the  components  and  production  conditions 
than  in  the  case  of  XLPE  cables .  This 
demonstrates  the  importance  of  quality 
control  before  and  after  manufacture, 
which  contributes  to  excellent  in-service 
results  of  XLPE  and  EPR  cables. 


Introduction 

The  Swiss  power  grid  is  one  of  the  most 
dense  in  the  world,  with  approximately  45% 
of  the  MV  lines  running  underground.  The 
first  cross-linked  insulation  cables  were 
put  on  the  market  in  the  mid  1970 's.  The 
proportion  of  XLPE  and  EPR  cables  produced 
in  Switzerland  during  the  last  ten  years 
is  shown  in  figure  1  below,  in  relation  to 
the  voltage  level. 


Figure  1»  Relative  quantities  of  cables 
produced  from  1982  to  1991  as  a 
function  of  the  voltage  and  the 
type  of  insulation. 


Manufacturing  conditions 

All  the  cables  to  which  we  refer  have  been 
produced  on  the  seune  line  which  is  a 
catenary  continuous  vulcanization  line 
(dry-curing,  length  of  the  tube:  30m);  the 
extrusion  group  is  a  "1+2"  tandem  system. 
The  same  conductor  shield  and  easy 
strippable  insulation  shield  were  used, 
which  means  the  same  240 °C  surface 
temperature  in  the  curing  tube  was  used. 
In  order  to  be  able  to  use  the  same  tools 
(e.g.  extruder,  cross-head)  for  XLPE  and 
EPR  it  was  necessary  to  optimize  the  flow 
of  materials,  and  to  eliminate  zones  where 
scorching  could  occur.  This  meant  that 
several  precise  in-factory  developments 
had  to  be  made.  Obviously,  for  the  two 
types  of  insulation,  the  screw  and  the 
extrusion  conditions  were  different. 

One  of  the  most  claimed  advantages  of  EPR 
is  the  ease  with  which  it  is  extruded  and 
cross-linked,  which  allows  production  to 
be  done  at  higher  line  speeds  than  for 
XLPE.  Experience  has  shown  that  this  is 
only  partly  true  as  summarized  in  table  1. 


Table  1 ;  Manufacturing  conditions  for 
different  types  of  cables  on  the 
same  catenary  line. 


Vbltage 

Insulation 

thickness 

[mm] 

Relative 
line  speeds 

XlfE  EPR 

10  kV 

2.9 

1  1.9 

20  kv 

5.0 

1  1.& 

60  kv 

12.0 

1  1.3 

130  kv 

17.0 

1  1.0 

150  kv 

18.0 

1  1.0 

A  comment  should  be  made  on  this  table: 
for  insulation  thicknesses  of  12mm  or 
greater,  manufacturing  speeds  of  XLPE  and 
EPR  cables  become  very  similar  due  to 
other  limiting  parameters  (screenpack) . 
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Therefore  the  higher  cost  for  raw  mate¬ 
rials  in  the  case  of  EPR  (140%  higher  for 
the  same  volume)  cannot  be  compensated  for 
by  the  higher  manufacturing  speeds.  Even 
for  12  km  of  20  kV  cable  with  a  150mm2 
conductor,  the  cost  per  meter,  after  the 
insulating  operation,  is  still  of  approx. 
20%  higher  despite  different  manufacturing 
speeds . 

It  is  also  important  to  know  that  the 
extrusion  of  EPR  requires  more  sophistica¬ 
ted  and  precise  equipment  than  that  of 
XLPE,  and  it's  abrasive  nature  (because  of 
the  presence  of  kaolin  in  the  mixture) 
wears  out  the  extrusion  equipment  in 
general  and  the  screenpacks  in  particular. 

Finally,  from  the  point  of  view  of 
extrusion  characteristics,  the  quality  of 
XLPE  is  more  regular  between  suppliers 
than  is  that  of  EPR.  In  fact,  the  quality 
of  EPR  can  vary  greatly  between  different 
suppliers  and  even  between  different 
batches  from  the  same  supplier.  It  isn't  a 
problem  tied  to  the  manufacturing 
procedure  itself  but  rather  to  the  quality 
of  raw  materials  used  in  the  compound. 


Type  and  routine  electrical  teats 

We  have  already  mentioned  the  importance 
of  electrical  tests  after  production  to 
guarantee  the  quality  of  the  product.  It 
is  not  surprising  that  in  this  case  as 
well,  to  use  different  criteria  and  limit 
values  for  the  two  types  of  insulation. 
The  routine  electrical  tests  are  summa¬ 
rized  in  tables  2  and  2a. 


Table  2;  Routine  electrical  tests  for  MV 
cables  according  to  lEC  standard 
502  and  internal  requirements. 


IBC  502 

Internal  requirement 

Dielectric  losses 

XLPE 

<  40.10'^  at  Uo* 

<  10.10’*  at  2  U. 

EPR 

<  200.10'^  at  U.* 

<  50.10’*  at  2  U. 

Voltage  test 

XLPE 

and 

EPR 

2.5  U*,  5  min 

At  least  4  U>, 

30  minutes 

Partial  discharges 

XLPE 

and 

EPR 

1.5  U.;  PD  <  20  pC 

No  PD  Increase 
between  0  and  4  Uo 
(nmx.  noise:  2  pC) 

*  Acxx>rding  to  lEC  502  type  test,  at  zocm  Taqp. 


Table  2a;  Routine  electrical  tests  for  HV 
cables  according  to  lEC  standard 
840  and  internal  requirements. 


lEC  840 

Internal  requirements 

Dielectric  losses 

XLPE 

<  10.10’*  at  2  Uo* 

<  10.10’*  at  2  Uo 

EPR 

<  50.10’*  at  2  Uo* 

<  30.10’*  at  2  Uo 

Voltage  test 

XLPE 

and 

EPR 

2.5  Uo,  30' 

45  kV:  >15  kV/mm  30' 
60  kV:  >15  kV/nm  30' 
>110  kV:  >20  kV/mm  30' 

Partial  discharges 

XLPE 

and 

EPR 

1.5  Uo,  PD  <  10  pC 

No  PD  increase 
between  0  and  1.75  Uo 
(max.  iK>ise:  2  pC) 

*  According  to  lEC  840  type  test,  at  90°C. 


Tests  as  severe  as  the  ones  described  here 
inevitably  reduce  potential  problems  in 
service.  Nevertheless,  the  in-factory 
rejection  rate  is  relatively  high,  as 
shown  in  figure  2. 


8 


3 

as 


Medium  Voltage  High  Voltage 


Figure  2;  Comparison  between  in-factory 
refusal  rates  for  XLPE  and  EPR. 

PD  =  partial  discharges 
Breakd .  =  breakdowns . 


The  causes  for  refusal  are,  for  HV  cables, 
mostly  mechanical  in  origin  (rubbing, 
irregularities  in  the  insulation  shield, 
etc.)  which  push  partial  discharges  above 
the  specified  limits.  In  the  case  of  HV, 
breakdowns  are  due  primarily  to  the 
presence  of  scorched  particles  in  the 
insulation. 
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Accelerated  aging 

Accelerated  aging  tests  are  the  most 
critical  for  the  evaluation  of  a  new 
product.  In  our  case  XLPE  and  EPR  cables 
are  submitted  to  the  same  testing 
conditions,  which  are  for  MV  cables: 

-  a  voltage  of  3,5  Uo; 

-  water  in  the  conductor  and  in  the 
screen; 

-  conductor  temperature  cycles  from  30 °C 
to  90°C,  5hrs  ''on"/3hrs  "off". 

Measurements  of  breakdown  strength  at 
50  Hz  according  to  Weibull  statistics  are 
carried  out  at  regular  intervals  (3000, 
6000,  and  12000  hours). 

This  aging  procedure  was  applied  to  MV 
cables  manufactured  on  the  same  line  but 
at  different  production  speeds.  It  has 
already  been  mentioned  above  that  for  cost 
reasons  it  is  necessary  to  work  at  higher 
line  speeds  with  EPR  than  with  XLPE. 
Cables  made  with  an  EPR  (that  will  be 
called  EPR-1),  identical  in  construction, 
were  manufactured  at  two  rates:  the  same 
speed  as  the  XLPE  and  1.4  times  faster 
(this  last  value  still  is  not  the  optimal 
production  speed,  see  table  1). 

All  the  cable  samples  produced  at  the 
higher  speed  broke  down  during  aging 
within  a  very  short  41  hour  span,  after 
only  54  days.  However,  none  of  the  cable 
samples  produced  at  the  same  speed  as  XLPE 
had  defects  after  many  thousands  of  hours 
of  aging.  The  same  test  with  a  high 
voltage  quality  EPR  (EPR-2)  had  no 
breakdowns  during  aging.  It  is  equally 
important  to  mention  that  all  the  cables 
passed  the  routine  electrical  tests 
described  in  table  2  successfully. 

From  the  aging  tests  we  can  gather  the 
following  conclusions  (or  confirmations): 

1)  the  EPR-1  mixture  is  extremely 
homogenous,  seeing  the  time  span  within 
which  all  the  breakdowns  occurred. 

2)  Unfortunately  it  is  also  extremely 
sensitive  to  processing  conditions  as 
other  authors  have  already  shown  for 
this  type  of  compound  [ 1 ] . 

3)  The  EPR-2  material  is  remarkably  less 
influenced  by  the  processing  conditions 
than  EPR-1,  which  confirms  the  strong 
variation  in  quality  for  this  type  of 
insulation  from  one  supplier  to  the 
next,  already  mentioned  elsewhere  [2]. 

4)  It  has  often  been  assumed  that  for  HV 
cables  the  main  factor  limiting  the 
line  speed  was  the  extruder  power,  and 
for  MV  the  speed  of  curing  speed  in  the 
CV  tube.  The  observations  described 
here  tend  to  show  that  it  isn't  an 
absolute  rule. 

5)  To  produce  EPR  cables  in  economically 
favourable  conditions,  the  choice  of 
the  raw  compound  is  essential.  It  is 


not  possible,  with  EPR  of  any  origin, 
to  benefit  from  higher  production 
speeds,  relative  to  XLPE,  without 
risks . 


Recent  developments 

There  are  situations  where  EPR  was  claimed 
to  have  clear  advantages  over  XLPE.  This 
is  the  case,  for  example,  concerning  it's 
long-term  behaviour  contact  with  water 
(e.g.  [3]).  It  is  well  known  that  EPR  has 
less  of  a  tendency  to  form  water  trees, 
and  that  those  that  do  appear  grow  at  a 
more  moderate  rate.  However  recent  studies 
[4]  show  that  though  the  length  of  water 
trees  stabilizes  rapidly  in  EPR,  whereas 
it's  electrical  breakdown  strength  slowly 
deteriorates  with  time,  but  work  remains 
to  be  done  in  this  domain  to  better  under¬ 
stand  this  phenomenon. 

Whatever  the  results  of  this  study,  the 
introduction  of  TRXLPE  about  ten  years  ago 
noticeably  improved  XLPE's  resistance  to 
to  water  trees  in  particular,  and  to  water 
and  aging  in  general .  Constant  develop¬ 
ments  have  made  this  product  as  reliable 
electrically  as  standard  XLPE  on  new 
cables,  while  at  the  same  time  giving  them 
a  superior  long-term  behaviour.  Figure  3 
compares  the  conseirvation  of  electrical 
breakdown  strength  after  ageing  in  MV 
cables  produced  with  different  materials. 


Insulating  materials 

Figure  3:  Comparison  of  the  electrical 
breakdown  strength  of  MV  cables 
produced  with  different  insula¬ 
ting  materials,  after  4000  hrs 
of  accelerated  ageing. 

EPR-1  =  EPR  of  MV  quality 
EPR-2  =  EPR  Of  HV  quality 
TRXLPE  tree  retardant  XLPE 
XLPE  =  standard  XLPE 


The  superior  quality  of  TRXLPE  is  clear, 
as  it  has  already  been  revealed  in 
niunerous  publications  (e.g.  [5-8]). 
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Furthermore,  it  must  be  stated  that  the 
manufacturing  conditions,  the  dimensions, 
and  the  design  of  cables  insulated  with 
TRXLPE  are  the  same  as  that  of  standard 
XLPE,  which  facilitates  the  transition 
from  one  material  to  the  other.  Currently, 
its  applications  are  limited  to  medium 
voltage,  although  there  are  a  few  quota¬ 
tions  up  to  110  kV  (e.g.  in  Germany). 

For  high  voltage  cables  the  optimal 
production  equipment  (long  die  MDCV  line, 
triple  head  extrusion) ,  the  cleanliness  of 
the  XLPE  insulations,  and  the  use  of 
super-smooth  semi-cons,  are  necessary  for 
high  quality  and  long  lasting  cables  with 
a  life  span  comparable  to  paper-oil  insu¬ 
lated  cables.  On  the  other  hand,  as  far  as 
EPR  is  concerned,  uncertainty  linked  to 
the  quality  of  its  numerous  components 
remains,  in  spite  of  precautions  taken  by 
suppliers . 

The  grounds  for  choice 

In  view  of  what  has  been  mentioned  above, 
the  reasons  that  go  in  favour  of  utilities 
using  EPR  cables  can  be  different  in 
nature . 

-  Historical  reasons:  a  choice  may  have 
been  made  a  few  years  ago  and  in  order 
to  conserve  a  certain  homogeneity  in  the 
network,  the  customer  continues  to  use 
the  same  materials. 

-  Excellent  in-service  results;  the 
failure  rate  in  cables  insulated  with 
EPR  is  very  low,  in  comparison  to  the 
first  thermoplastic  HMWPE  insulated 
cables,  with  a  graphite  Insulation 
shield,  which  broke  down  excessively. 
The  few  faults,  which  did  occur  in 
Switzerland  with  EPR,  were  due  to  inade¬ 
quate  production  processes  of  a  cable 
manufacturer,  as  is  the  case  in  Germany 
with  XLPE  [9]. 

-  Because  of  their  better  flexibility  the 
installation  of  EPR  cables  is  easier  in 
sub-stations  where  little  work  space  is 
available. 

On  the  other  hand,  Bungay  et  McAllister 
[2]  mention  three  main  reasons  for  prefer¬ 
ring  XLPE  to  EPR: 

-  The  quality  of  both  the  incoming  com¬ 
pound  and  the  finished  cable. 

-  The  fear  of  contaminating  a  dielectric: 
the  fewer  ingredients  that  have  to  be 
added  to  the  polymer  the  better. 

-  The  volume  cost  of  XLPE  is  lower  than 
that  of  EPR. 

We  wish  to  add,  in  the  case  of  VHV  cables, 
a  fourth  reason  that  goes  in  favour  of 
XLPE:  dielectric  losses  of  EPR  are  too 
high  for  economical  viability  cables. 

Mote;  For  RV  levels,  the  Influence  of 
water  is  less  important  because  of  a  veter- 
tig^  metal  protection  applied  on  the  cable. 


Conclusion 

The  large  number  of  additives  in  the 
composition  of  EPR  improves  its  thermal 
and  mechanical  characteristics,  and 
facilitates  within  certain  limits  its 
processing  during  extrusion. 

The  paper  describes  the  direct  correlation 
between  the  manufacturing  equipment  and 
line  speed  with  short  and  long  t«irm  cable 
performance.  In  order  that  EPR  insulation 
has  the  right  long-term  resistance, 
production  parameters  must  carefully  be 
chosen  with  little  consideration  to  cost 
or  productivity.  Moreover,  it  will  be  in 
direct  competition  in  the  near  future  with 
TRXLPE,  especially  in  the  MV  field.  But, 
because  of  its  excellent  flexibility,  EPR 
will  keep  an  edge  in  certain  specific 
applications . 
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DEVELOPMENT  OF  A  220/230kV  XLPE  HIGH  VOLTAGE  CABLE  AND  ACCESSORIES 


H.  A.  Mayer,  E.  Buczma,  J.  A.  Adcock 


Olex  Cables  a  Division  of  Pacific 
Dunlop  Ltd.  Melbourne,  Australia. 

ABSTRACT 

The  development  of  a  high  voltage 
127/220kV,  1200mm^  copper  Milliken  con¬ 
ductor  XLPE  power  cable  and  accessories  is 
described.  The  cable  and  accessories  were 
developed  and  manufactured  for  the  State 
Electricity  Commission  of  Victoria, 
Australia.  The  system  comprising  27km  of 
cable  39  joints  and  6  terminations  was 
installed  over  a  complex  9km  route  on  the 
outskirts  of  the  Melbourne  Central  Business 
District . 

To  ensure  the  reliability  of  the 
system  an  optimum  cable  design  has  to  be 
used  which  necessitates  correct  material 
selection.  Also  required  are  precise  man¬ 
ufacturing  techniques  involving  clean  room 
conditions  to  prevent  any  contamination 
being  introduced  into  the  insulation  mat¬ 
erials.  Together  with  the  cable  the  sys¬ 
tem  required  compatible  cable  terminations 
and  joints  to  be  developed  to  ensure  re¬ 
liable  performance  .  The  type  testing  of 
cable  and  accessories  to  confirm  the  in¬ 
tegrity  of  the  system  is  outlined. 


INTRODUCTION 

Cross-linked  polyethylene  has  been 
used  as  the  insulation  material  for  power 
cables  for  over  30  years.  From  initially 
being  used  in  power  cables  in  the  low  vol¬ 
tage  range  its  use  has  now  extended  into 
high  voltage  power  cables.  This  has  occ¬ 
urred  because  of  the  material's  excellent 
electrical  and  thermal  properties,  the 
ability  for  easy  installation  and  ready 
monitoring  of  the  cable's  performance  and 
also  because  of  the  overall  favourable 
economics  and  performance  of  the  installed 
systems . 

In  Australia  the  use  of  cross-linked 
polyethylene  has  developed  initially  from 
medium  voltage  cable  up  to  33kvl  through 
to  the  high  voltage  cable  range  66kV,110kV, 
132kV,  ISOkV  to  220kV  which  have  all  been 
manufactured  in  commercial  quantities. 

These  cables  have  all  been  installed  into 
power  grid  systems  with  commercially 
available  accessories.  The  integrity  of 
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these  systems  has  been  verified  by  exten¬ 
sive  developmental  testing,  type  testing 
to  international  standards  and  in  service 
performance . 

The  need  for  a  cable  arose  because  of 
a  rapid  increase  during  the  late  80 's  of 
high  rise  building  developments  in  the 
Central  Business  District  of  Melbourne. 
Initially  a  new  220kV  overhead  power  link 
was  planned  to  supplement  the  reliability 
of  Melbourne's  power  supply.  However, 
because  of  public  concern  about  its 
visual  and  environmental  aspects  the  State 
Electricity  Commission  of  Victoria  chose 
to  adopt  an  underground  line. 

The  requirement  for  the  cable  manu¬ 
facturer  was  for  the  complete  project, 
including  the  manufacture,  supply  and 
installation  of  the  cable  system.  The  re¬ 
quirement  for  the  manufacturer  of  the 
accessories  was  to  provide  suitable  joints 
and  terminations  for  the  system. 


Figure  1.  220kV  XLPE  Cable 
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CABLE  SPECIFICATION 


Table  2.  Requirements  of  the  insulation 


At  the  time  of  preparation  of  the 
specification  for  the  cable  system  no 
international  standards  were  available  for 
the  voltage  range  required.  The  technical 
requirements  for  the  cable  were  prepared 
by  upgr  .ding  existing  international  high 
voltage  cable  specifications'^'"^  to  the 
required  performance  levels. 

^The  insulated  power  cable  specifica¬ 
tion  called  for  a  conventional  single  core 
extruded  polyethylene  cross-linked  solid 
dielectric  type  cable.  The  cable  was  to 
consist  of  a  stranded  copper  conductor 
circular  in  cross-section,  conductor  semi- 
conductive  screen,  XLPE  insulation  and 
insulation  semiconduct ive  screen  all  ex¬ 
truded  and  cross-linked,  a  screen  consist¬ 
ing  of  screen  wires  and  waterblocking 
tapes, means  to  prevent  longitudinal  water 
penetration,  a  welded  or  extruded  metallic 
moisture  impervious  barrier  or  sheath  and 
an  extruded  dual  layer  outer  sheath  of 
orange  PVC  and  black  HOPE. 

The  specification  called  for  the  con¬ 
ductor  semiconduct ive  screen,  the  insu- 
lationand  the  insulation  semiconductive 
screen  to  be  applied  in  die  one  manufac¬ 
turing  process  using  a  single  triple  ex- 
rusion  head  and  that  the  dielectric  had  to 
be  dry  cured. 

Table  1.  Requirements  of  the  conductor 
screen 


1.  Conductor  screen  to  consist  of  continuous 

layer  of  "Supersmooth"  black  thermosetting  i 
semiconductive  material.  I 

2.  Material  to  be  compatible  with  insulation 
and  conductor . 

3.  Minimum  thickness  0.8  mm. 

4.  Outer  surface  to  be  cylindrical  and  free 
from  protrusions  and  irregularities,  less 
than  125/um  protrusion  into  the  Insulation. 

5.  Firmly  bonded  to  insulation  with  no  ten¬ 
dency  to  separate  during  installation  or 
service. 

6.  Resistivity  max.  lOOO  ohm-metre  at  max. 
operating  temperature. 


The  conductor  was  also  specified  to 
be  free  from  particles  which  could  con¬ 
taminate  the  semiconductive  screens,  caus¬ 
ing  high  stress  points  at  the  surface  of 
the  semiconductive  screen. 

Some  of  the  requirements  of  the  spec¬ 
ification  for  the  conductor  screen,  insul¬ 
ation  and  insulation  screen  are  set  out 
in  Tables  1 ,  2  and  3 . 

CABLE  DESIGN 

The  220kV  XLPE  cable  is  shown  illus¬ 
trated  in  Figure  1.  Dimensions  of  the 
cable  are  shown  in  Table  4  with  the  per¬ 
formance  criteria  outlined  in  Table  5, 

The  main  features  of  the  cable  design  are 
shown  in  Figure  2 , 


1.  Homogeneous  extrusion  of  "Superclecn"  XLPE. 

2.  Insulation,  conductor  and  insulation  screens 
excrua..:d  using  a  single  triple  extrusion 
head. 

3.  Crosslinking  by  the  dry  cure  process. 

4.  Design  thickness  of  the  insulation  to  be 
27  mm. 

5.  The  insulation  of  the  cable  and  interfaces 
with  semiconductive  screens  to  have  the 
following  limits  of  voids  and  contaminants: 

voids  :  max.  size  30  pm  (1.2  mils) 

contaminants  : 
black,  metal, other 

foreign  matter,  max.  size  100  pm  (  4  mils) 
amber  ;  max.  size  250  )um  (10  mils) 

6.  Insulation  material  to  be  inspected  for 
contaminants  using  a  continuous  sampling  plan. 


Table  3.  Requirements  of  the  insulation 
screen 


1.  Insulation  screen  to  consist  of  extruded 
layer  of  black  thermosetting  semiconductive 
material  applied  directly  over  the  insul  - 
ation. 

2.  Inner  surface  to  be  smooth  and  free  of 
protrusions  and  irregularities  which  extend 
more  than  250  pm  into  the  insulation. 

3.  Bonded  to  insulation  with  no  tendency  to 
separate  during  installation  or  service. 

4.  Resistivity  max.  500  ohm-metre  at  maximum 
operating  temperature. 


2 

The  conductor  is  1200mm  copper  made 
up  of  four  segments  in  a  Milliken  type 
configuration  to  reduce  the  skin  effect. 
The  segments  are  individually  made  up  of 
stranded  wires  compacted  together  and  tap¬ 
ed  to  insulate  the  segments  from  each 
other.  Design  of  the  segments  is  such 
that  no  sharp  corners  or  edges  are  pro¬ 
duced  and  when  laid  up  the  segments  form  a 
tight  close  fitting  construction.  The 
segments  are  then  taped  together  with  semi¬ 
conductive  and  metallic  tapes  to  prevent 
any  movement  during  subsequent  processing. 

The  conductor  screen,  insulation  and 
insulation  screen  are  all  applied  in  one 
manufacturing  step  in  a  triple  head  dry 
curing  dry  cooling  continuous  vulcanising 
plant.  The  semiconductive  materials  have 
to  be  of  the  "Supersmooth”  category.  The 
insulation  has  to  be  better  than  the 
typical  "Superclean"  classification  in 
that  no  contaminants  greater  than  100/jm 
are  to  be  present  in  the  insulation  mate¬ 
rial.  The  three  layers  are  applied  sim¬ 
ultaneously  because  this  gives  the  best 
assurance  that  no  contaminants  will  be 
introduced  into  any  of  the  layers.  This 
is  also  beneficial  in  maintaining  a  close 
size  tolerance  of  all  the  individual  lay¬ 
ers  and  optimum  concentricity  of  the  cable. 

The  dry  curing  dry  cooling  concept 
eliminates  any  contact  of  the  cable  core 
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with  water  further  improving  XLPE  cable 
characteristics  and  potential  life  of  the 
cable . 


Figure  2.  220kV  XLPE  cable  cross-section 

As  seen  from  Table  4,  the  thickness 
of  the  insulation  used  in  the  cable  is 
27mm,  The  general  voltage  levels  on  which 
stress  calculations  are  based  are  the 
working  voltage  of  220 //T or  127kV  line  to 
ground  and  impulse  levels  of  lOSOkVp,  The 
impulse  level  specified  by  the  SECV  was 
the  maximum  level  given  in  standards  for 
220kV  cable  and  switch  yard  accessories. 
With  a  conductor  screen  diameter  of  46.5mm 
insulation  diameter  of  102.5mm  and  a  min¬ 
imum  average  thickness  of  27.0mm  stres¬ 
ses  in  the  insulation  are  as  follows: 

at  working  voltage; 

stress  at  conductor  6.9kV/mm 

stress  at  insulation 

screen  surface  3.1kV/mm 

average  stress  4.7kV/mm 

at  rated  impulse  level; 
stress  at  conductor  57.1kVp/mm 
Average  stress  38.9kVp/mm 

Over  the  cable  core  are  applied  cush¬ 
ioning  tapes  and  water  swellable  semi- 
conductive  tapes  beneath  and  over  the 
screen  wires.  The  cushioning  tapes  are 
used  to  cope  with  the  expansion  of  the 
cable  core  under  operating  conditions. 


The  type  testing  of  the  cable  involved 
cycling  to  a  conductor  temperature  of  130 
degrees  C  for  part  of  the  cycling  regime. 
The  cable  as  shown  in  Table  5  is  required 
to  cope  with  an  emergency  operating  temp¬ 
erature  of  105  degrees  C.  The  applied 
tapes  must  be  able  to  cope  with  these  con¬ 
ductor  temperatures  and  the  expansion  and 
contraction  effects  of  the  cable  core  in¬ 
duced  by  these  elevated  temperatures.  No 
rupturing  or  tearing  of  the  tapes  should 
occur.  The  tapes  should  have  adequate 
tensile  and  elongation  properties  at  the 
cable  service  temperature  to  be  encounter¬ 
ed. 


Table  4.  Construction  of  the  220kV  XLPE 
cable 


1  Conductor  , 

cross-sectional  area 

mm 

1200 

material 

copper 

shape 

4  sector 
Milliken 

diameter 

mm 

42.1 

Extruded  conductor  screen 

thickness 

mm 

2.0 

Insulation  thickness 

mm 

27 

1  Extruded  insulation  screen 

thickness 

mm 

1.0  1 

Stainless  steel  sheath 

thickness 

mm 

0.8 

corrugation  depth 

mm 

6 

PVC  sheath  thickness 

mm 

2 . 5 

HOPE  sheath  thickness 

3.0 

Outer  diameter 

mm 

140 

Weight 

kg/m 

28 

The  copper  shielding  wires  are  design¬ 
ed  to  carry  the  fault  current  with  de¬ 
fined  temperature  limits  and  are  applied 
with  a  lay  which  will  not  constrict  the 
cable  core  on  expansion  during  load  cy¬ 
cling.  This  is  in  order  to  avoid  embedding 
of  the  screen  wires  into  the  insulation 
screen  and  to  maintain  a  smooth  circular 
interface  of  the  screen  with  the  insula¬ 
tion. 

The  water  swellable  tapes  prevent 
water  travelling  down  the  screen  wires  if 
accidental  sheath  damage  occurs.  The  220kV 
cable  has  a  spirally  corrugated  stainless 
steel  welded  sheath.  Stainless  steel  has 
a  higher  tensile  strength  compared  with 
lead  or  aluminium  resulting  in  a  cable 
with  an  0.8mm  wall  thickness  of  stainless 
steel  having  equivalent  mechanical  pro¬ 
tection  to  an  aluminium  sheath  of  3.4mm 
thickness.  Stainless  steel  is  also  more 
corrosion  resistant  than  the  other  al¬ 
ternative  metal  sheath  materials. 

A  gap  between  the  taped  cable  core 
and  the  welded  corrugated  metal  sheath 
permits  expansion  and  contraction  during 
operating  conditions.  This  prevents  the 
corrugations  causing  excessive  pressure 
onto  the  cable  core  when  expansion  of 
the  core  occurs  at  the  normal  conductor 
temperature  and  avoids  any  deformation  of 
the  insulation. 
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Table  5.  Electrical  and  mechanical  specification.  To  meet  these  requirements 

cable  specifications  a  special  grade  of  "Extra  Superclean"  resin 

was  used.  The  material  was  a  natural 
cross-linkable  low  density  polyethylene 
compound  produced  for  the  insulation  of 
high  voltage  power  cables  containing  a 
good  balance  of  a  non-staining  antioxidant 
and  a  peroxide  to  ensure  thermal  sta¬ 
bility  and  ease  of  processing.  The  "Super 
clean"  material  was  produced  on  a  pro¬ 
duction  line  specially  designed  for  the 
manufacture  of  the  superclean  product. 

The  line  is  separate  from  all  other  pro¬ 
duction  from  the  base  resin  intake  to  the 
final  packaging.  All  material  passes 
through  highly  sensitive  metal  separators 
and  through  exhaustive  continuous  sampling 
and  testing  procedures  for  contaminant 
detection  and  other  quality  control  test¬ 
ing  . 

jThe  material  had  a  density  of  0.922 
g/cm  ,  typical  melt  flow  index  of  2g/10mins 
a  dielectric  constant  of  2.3  and  a  dis¬ 
sipation  factor  at  50  Hz  of  0.0005. 

Other  electrical  and  mechanical  properties 
were  typical  of  these  materials. 

For  extra  high  voltage  cables  very 

The  gap  cannot  be  too  large  other-  clean  insulation  ..laterials  are  required 

wise  damage  to  the  cable  sheath  could  al-  ^nd  the  manufacturers  of  these  resins 

low  water  to  travel  between  the  cable  core  have  improved  their  manufacturing  tech- 

and  the  metallic  sheath.  The  gap  has  to  nology  to  make  these  types  of  materials 

be  a  compromise  between  these  two  aspects.  available. 

The  corrugations  are  continuous  with 
the  depth  of  corrugation  being  6mm  and  the 
pitch  of  the  corrugations  22mm  nominal. 

Usually  to  waterblock  this  gap  in  a  cor  - 
rugated  stainless  steel  sheath  the  use  of 
waterblocking  tapes  is  not  sufficient  and 
a  new  procedure  was  developed  to  prevent 
water  travelling  a  significant  distance 
down  the  cable. 

A  composite  sheath  made  up  of  an 
inner  layer  of  orange  PVC  and  an  outer 
layer  of  HOPE  was  applied.  The  PVC  was 
extruded  to  fill-in  the  corrugations  of 
the  metallic  sheath  and  provide  a  smooth 
surface  to  the  HOPE.  The  density  of  the 
HOPE  was  in  the  upper  end  of  the  range  to 
provide  a  high  hardness  value  and  high 
abrasion  resistance.  This  composite 
sheath  provides  added  mechanical  and  mois¬ 
ture  protection  during  installation  and 
service . 


Semiconduct ive  Screens 

It  has  long  been  recognised  that  the 
smoothness  of  the  interfaces  between  insu¬ 
lation  and  semiconduct ive  layers  in  power 
cables  is  of  great  importance  for  the 
cable  life.  Protrusions  from  the  semi- 
conductive  layers  into  the  insulation 
can  give  locally  enhanced  electrical  field 
stress  and  enhanced  risk  for  electrical 
tree  growth.  Therefore  a  very  smooth  ex- 
trudable  semiconduct ive  material  has  to  be 
used  for  both  the  conductor  and  insulation 
screen  layers. 

The  material  used  for  the  semiconduc- 
t ive  screens  was  a  "Supersmooth"  type  with 
a  well  dispersed  high  quality  and  high 
purity  special  conductive  carbon  black 
grade.  Volume  resistivity  results  ob¬ 
tained  from  cable  measurements  are  shown 
in  Table  8. 


MATERIALS 

Insulation 

The  insulation  material  used  for  the 
production  of  the  cable  was  obtained  from 
a  raw  material  supplier.  Requirements  for 
the  cable  insulation  are  set  out  in  Table 
2  and  the  incomJ ng  raw  material  had  to 
meet  the  contaminant  requirements  of  the 


PROCESS  DEVELOPMENT 

For  the  extra  high  voltage  cable 
range,  in  addition  to  using  the  best 
materials,  the  processes  have  been  de¬ 
veloped  to  a  higher  leveJ  of  cleanliness, 
smoothness  of  layers  and  concentricity  to 
ensure  a  uniform,  dry  cable  insulation. 
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The  vertical  triple  extrusion  vul¬ 
canisation  process  ( VCV )  in  a  tower  was 
used,  which  gives  the  best  results.  The 
tower  is  shown  in  Figure  3.  The  ex - 
trusionwas  made  into  a  heat  radiant  tube 
filled  with  pressurised  nitrogen  the 
lower  part  of  which  has  a  section  for 
cooling  using  nitrogen  at  the  same 
pressure,  i.e.  a  “dry  during/dry  cooling" 
process . 

Material  Haadli n_g 

The  XLPE  Insulation  and  semiconduc- 
tive  XLPE  copolymers  are  handled  in  separ¬ 
ate  floor  levels  and  conveyed  in  closed 
circuits.  The  upper  floors  of  the  tower 
are  under  positive  pressure  and  filtered 
air  is  introduced  with  maximum  20>im  par¬ 
ticle  size.  All  operators  wear  overalls. 

The  "extra  cleaii"  XLPE  is  brought  in¬ 
to  the  tower  in  1  tonne  boxes  with  2  out¬ 
side  shrink-wrap  films  and  an  inside  film 
lining.  It  is  then  brought  to  a  small 
cleaning  room,  where  the  wrapping  is 
vacuum  cleaned,  then  removed  and  the  box 
is  moved  into  another  room.  The  box  is 
opened  and  a  tube  at  the  bottom  is  conn¬ 
ected  to  the  material  conveying  system 
which  conveys  the  XLPE  to  a  bin,  dryer, 
through  magnets  and  a  wind  sifter. 

From  there  the  XLPE  comes  into  a 
dryer  -  holding  bin  and  is  fed  gravita¬ 
tionally  into  the  extruder. 

The  super  smooth  semiconduct ive 
materials  are  conveyed  in  a  separate  area 
to  dryers,  using  desiccated  hot  air  and 
then  to  a  bin  and  then  by  gravitation  tj 
the  extruders. 

The  conductor  passes  through  an  acc¬ 
umulator,  then  vertically  upwards,  through 
a  pre-heating  system  and  then  around  a 
turn  around  wheel  system  where  it  changes 
direction  and  goes  vertically  downwards 
straight  into  the  extrusion  head. 

Triple  Extrusion 

The  3  extruders  are  situated  on  the 
same  floor  and  are  arranged  so  tha^  the 
material  streams  can  flow  into  the  same 
triple  head  and  join  in  a  smooth  flow  to 
foriii  the  extra  smooth  interfaces. 

The  temperature  ranges  of  extruders 
and  screw  speeds  are  carefully  controlled 
to  avoid  any  scorching  and  to  minimise 
amber  formation  during  long  continuous 
production  runs  using  insulation  material 
which  contains  the  peroxide  cross-linking 
agent  but  also  must  be  sufficient  to  avoid 
formation  of  cold  spots  and  to  ensure 
good  melt  quality. 


Figure  3.  The  VCV  tower 

Special  tempered  extruder  screws 
allow  a  uniform  material  fl^w  with  high 
degree  of  concentricity  and  minimum  var¬ 
iations  of  cable  diameter.  This  is  impor¬ 
tant  for  various  reasons,  including  the 
jointing  and  terminating  operation. 

In  addition  to  the  use  of  e.xtra 
super  clean  materials,  high  mesh  screen 
packs  are  used  for  additional  safety  and 
their  use  must  be  optimised  since  they  may 
Cause  an  increase  in  melt  pressure  and 
temperature. 

Dry  Crosslinkinq  and  Dry  Cooling 

During  the  extrusion,  barrel  tem¬ 
peratures,  extruder  screw  rotation  speed, 
diameter  variations,  melt  pressure  and 
nitrogen  gas  pressure,  are  continuously 
monitored  and  recorded. 

The  3  material  layers  then  pas- 
through  the  true  triple  head,  which  has 
carefully  controlled  and  tempered  zones 
and  exit  i  ito  the  radiant  heat  cross-link¬ 
ing  tube,  filled  with  high  purity  nitro¬ 
gen  (residual  oxygen  content  is  monitored) 
under  a  pressure  of  the  order  of  magni¬ 
tude  of  8-10  MPa. 

The  heat  is  produced  by  radiant  heat¬ 
ing  elements  and  the  tube  walls  c-n  be 
heated  to  350 °C  whereby  the  outer  surface 
of  the  cable  can  reach  temperatures  of  up 
to  maximum  300 °C.  These  temperature  zones 
have  been  optimised  using  specially  de¬ 
veloped  computer  temperature  prediction 
programs?  The  cable  then  passes  through 
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The  stress  is  reduced  further  by  using 
tape  with  a  high  dielectric  constant  in 
the  vicinity  of  the  end  of  the  cable 
screen.  Maximum  stress  level  in  the  oil 
is  approximately  2.5kV/mm  at  operating 
voltage  depending  upon  the  cable  size. 


The  termination  is  mounted  on  a  base 
plate  which  in  turn  is  mounted  on  the 
station  structure.  Insulators  between  the 
base  plate  and  station  structure  provide 
a  screen  break  capability  to  permit  var¬ 
ious  bonding  methods. 


A  unique  feature  of  the  stress  cone 
design  is  that  it  does  not  compress  on 
che  cable  insulation  and  thus  cannot  de¬ 
form  the  cable  insulation  at  high  temper¬ 
atures.  The  configuration  permits  an 
axial  variation  of  20mm  in  the  location 
of  the  end  of  the  cable  screen.  The 
cable  is  held  rigidly  in  place  within  the 
termination  by  a  threaded  fitting  on  the 
crimp  connector. 


Figure  5.  Dielectric  stress  distribution 
at  stress  cone 


Joints 

The  joint  is  a  prefabricated  design 
filled  with  polybutene  and  illustrated  in 
Figure  6.  The  cable  is  held  in  place 
within  the  stainless  steel  housing  by 
epoxy  nose  cones.  Each  cable  has  a  crimp 
connector  that  is  joined  together  elec¬ 
trically  and  mechanically  by  a  centre 
clamp.  The  clamping  system  can  withstand 
a  tensile  force  of  200kN  without  separation 
or  damage. 

Stress  control  is  similar  to  that  for 
the  termination  except  for  the  addition  of 
corona  shields.  Figure  7  shows  the  elec¬ 
trical  field  plot  for  the  centre  section. 
The  stress  level  is  2kV/mm  at  operating 
voltage  for  this  region. 

The  joint  can  be  disassembled  and  re¬ 
assembled  should  the  need  arise.  The 
epoxy  nose  cone  provides  a  screen  break 
between  the  diaphragm  seal  assembly  and 
the  stainless  steel  housing  for  cross 
bonding.  The  screen  break  can  be  shorted 
with  a  metallic  connection  for  solid 
bonding . 

Pressure  is  monitored  remotely  by  a 
fibre  optic  transducer. 


Special  seals  were  developed  for  both 
vacuum  and  pressure  sealing  of  the  ter¬ 
mination.  The  termination  is  put  under 
vacuum  prior  to  and  during  the  oil  filling 
process.  An  accumulator  maintains  the 
internal  pressure  at  the  desired  value 
during  oil  volume  changes  that  occur  due 
to  variations  in  operating  temperature. 

The  pressure  is  monitored  by  a  gauge. 


Dielectric  Fluid 

The  dielectric  fluid  is  a  synthetic 
high  molecular  weight,  ultra  pure  poly¬ 
butene  oil.  It  is  inert,  has  excellent 
dielectric  and  thermal  properties  and  is 
environmentally  safe.  Extensive  testing 
and  in  service  use  since  1970  demonstrate 
the  compatibility  with  XLPE  insulation. 
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The  dielectric  constant  of  the  oil 
is  virtually  the  same  as  that  of  XLPE 
which  eliminates  any  stress  enhancement. 
Thermal  transfer  greatly  exceeds  that  of 
XLPE  and  solid  insulating  materials. 
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Figure  6 . 

Cutaway  view  of  220/230kV 
prefabricated  XLPE  cable  joint 
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Figure  7.  Dielectric  stress  distribution 
at  the  joint  centre  section 

TESTING 

Type  Testing 

The  testing  requirements  are  set  out 
in  the  State  Electricity  Commission  of 
Victoria  specification.^  For  the  type 
testing  requirements  of  the  cable  the  lEC 
840  standard  was  followed  with  the  heating 
cycle  voltage  test  being  replaced  by  the 
cyclic  ageing  test  of  AEIC  CS  7-87.  This 
latter  standard  for  the  cyclic  ageing  test 
requires  that  part  of  the  cycling  be 
carried  out  at  a  conductor  temperature  of 
130 °C.  Because  the  cable  standards  are 
applicable  to  a  lower  voltage  range  of 
cable  than  the  127/220kV  XLPE  cable  being 
developed  the  test  voltages  and  conditions 
were  extrapolated  to  the  levels  required 
for  the  127/220kV  cable  system. 

The  terminations  were  evaluated  to 
test  requirements  taking  into  account  IEEE 
48  while  the  joints  to  test  requirements 
taking  into  account  IEEE  404.  Other 
special  requirements  of  the  State  Elec¬ 
tricity  Commission  of  Victoria  were  also 
included  into  the  testing  schedule. 

For  the  type  testing  of  the  cable  and 
accessories  the  test  assembly  consisted  of 
two  terminations  approximately  40  metres 
of  cable  and  a  joint.  The  type  test  in¬ 
volved  simultaneous  type  qualification  of 
the  cable  and  accessories.  The  test  se¬ 
quence  and  results  of  the  electrical  type 
tests  are  shown  in  Table  6. 

After  the  initial  partial  discharge 
test  and  high  voltage  test  on  the  cable 
the  cable  sample  was  bend  tested  by  bend¬ 
ing  the  cable  around  a  drum  of  diameter 
2800tmn  three  times  in  both  directions. 

A  partial  discharge  test  was  then  carried 
out  on  the  sample  that  was  bend  tested 
after  which  a  piece  of  the  cable  was  re¬ 
moved  and  examined  for  any  damage  to  the 
cable  core,  metallic  and  plastic  sheaths. 
The  bend  tested  cable  was  then  assembled 


with  the  cable  accessories  terminations 
and  joint  and  the  assembly  subjected  to 
cyclic  ageing.  The  voltage  and  conductor 
temperature  conditions  for  the  cyclic 
ageing  test  are  set  out  in  Table  6.  Each 
cycle  consisted  of  8  hours  of  load  current 
followed  by  16  hours  of  natural  cooling. 

On  the  first  and  last  cycle  of  the  cyclic 
ageing  test  the  tan cT  determinations 
were  made . 


Table  6.  Electrical  Type  Tests 


Test 

Requirement 

Result 

1 . Partial  Discharge 

/spc,  190  kv 

IpC 

of  cable 

2. High  Voltage 

318  kV,30  mins 

no 

3. Bending  test  then 

3  reverse  bends 

breakdown 

partial  discharge 

on  drum  2800iiuq  diam. 

no  cracks  to  any 

no  cracks 

sheath,  <  5pC,190kV 

ipc 

Assembly  of  cable,  terminations  and  joint 

4.Tan£  of  cable 

0.001 

pass 

5. Variation  tan£ 

ambient  U^to  l.SU^ 

40°  C  Uoto  1.5Uo 

90*“  C  U»to  1.5Uo 

/  0.0005 

0.0002 

1  40®C  to  90®C 

at  Uo 

6. Cyclic  ageing  test 

7  cycles, 40  C,1.5U^ 

7. Tan  £  after  cycling 

14  cycles, 90®C, 2. OUo 
14  cycles, 130“C,1.5U,, 
<0.001 

pass 

8. Variation  tan^ 

ambient  1 . 5U« 

40  ®  C  Up  to  1 . 5Uo 

90  ®C  U^to  1. 5Uo 

(  0.0005 

0.0001 

40*C  to  90" C  at 

Uoafter  cycling 

9. Impulse  withstand 

conductor  100  C 

10+,  10“,  lOSOkVp 

no 

no  breakdown 

breakdown 

10. High  Voltage  test 

318kV  for  6  hrs. 

no 

no  breakdown 

breakdown 

11. Partial  Discharge 

(.  5pC  at  190  kV 

<  2PC 

on  cable, joint  and 
termination 

12. High  Voltage  time 

343  kV  for  24  hrs. 

test  on  cable, joint 

381  kV  for  30  min. 

and  termination 

413  kV  for  1  min. 

460  kV  for  1  min. 

no 

no  breakdown 

breakdown 

The  test  assembly  arrangement  is 
shown  in  Figure  8.  Because  of  the  large 
physical  size  of  the  final  test  assembly 
after  the  final  voltage  test  the  cable  was 
cut  between  each  termination  and  joint  and 
a  final  partial  discharge  determination 
was  made  on  each  section  of  the  test 
assembly.  The  cable  and  accessories  were 
then  subjected  to  the  AC  voltage-time 
test . 

The  termination  and  joint  used  in  the 
type  test  assembly  are  shown  in  Figure  9 
and  10. 

The  electrical  type  test  results  in 
Table  6  show  that  excellent  test  perform¬ 
ance  was  achieved  with  less  than  2pC 
partial  discharge  on  the  cable  and  ac¬ 
cessories  after  completion  of  the  type 
testing  schedule. 
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Figure  8.  The  type  test  assembly 

As  well  as  the  electrical  type  tests 
physical  and  mechanical  type  testing  was 
carried  out  on  the  cable  to  lEC  840  and 
AEIC  CS7-87.  The  tests  carried  out  are 
set  out  briefly  in  Table  7.  Voids,  con¬ 
taminants  and  protrusions  of  the  cable 
insulation  and  conductor  and  insulation 
screens  were  determined  according  to  the 
methods  set  out  in  AEIC  CS7-87  and  the 
limits  were  as  set  out  in  Tables  1,  2,  3. 


Figure  9.  The  220kV  termination  in  the 
type  test  assembly 

Table  8  shows  the  results  of  the 
volume  resistivity  measurements  obtained 
while  Table  9  shows  some  results  of  the 
contaminant,  void  and  screen  protrusion 
testing  carried  out  on  the  XLPE  insula - 
tionand  the  semiconduct ive  screens. 


Figure  10.  The  220kV  joint 


Other  Type  Tests 

Sidewall  bearing  pressure  test;  The  test 
was  carried  out  on  a  10  metre  sample  of 
220kV  cable  in  the  test  arrangement  shown 
in  Figure  11.  The  cable  was  tensioned  to 
the  required  force  using  a  chain  block. 

The  diameter  of  the  fixed  wheel  used  in 
the  test  was  2.4m.  The  load  cell  units  were 
used  on  either  side  of  the  cable  to  enable 
the  tension  to  be  determined  during  the 
test.  A  lubricant  was  applied  to  the 
cable  at  the  fixed  wheel  contact  surface 
then  maintaining  the  required  tension  the 
cable  was  pulled  around  the  bend.  The 
determined  side  wall  pressure  was24.3kN/m. 
Table  5  shows  that  the  requirement  for  the 
cable  design  was  22kN/m.  A  metre  sample 
was  cut  from  the  10  metre  length  and  ex¬ 
amined.  No  deformation  was  found  to  the 
plastic  sheaths,  corrugations  of  the 
stainless  steel  sheath,  the  screen  wires, 
tapes  or  core  insulation  screen. 

Table  7.  Physical  and  Mechanical  Type 
Tests 


Cable  examination  after  bend  test. 

Cable  examination  after  cyclic  ageing  test. 
Conductor  screen:  dimensions, voids  and  protrusions 
vol.  resistivity  9o“c,  130®C  unaged/aged/cycled 
Insulation:  dimensions, tensile  and  elongation 

unaged/aged/cycled,  hot  set  test,  dimensional 
stability,  shrinkage,  voids  and  contaminants. 
Insulation  screen:  dimensions, voids  and  protrusions, 
vol.  resistivity  90°c,  130®C  unaged/aged/cycled 
sheaths:  dimensions,  tensile  and  elongation  unaged 
and  aged,  loss  of  mass  test,  pressure  test  at 
high  temp,  behaviour  at  low  temp,  heat  shock 
test,  carbon  black  content. 


Waterblocking  test;  This  test  was  to  de¬ 
termine  the  extent  of  water  propagation 
beneath  the  metal  sheath  in  case  of  sheath 
damage.  The  sample  used  for  the  test  was 
from  an  initial  development  run  of  the 
cable.  The  cable  sample  was  first  bend 
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Table  8.  Volume  Resistivity  Results 


units 

ohm-metres 

sample 

conductor 

screen 

insulation 

screen 

90  °C 

130®C 

OO^C 

130'’C 

spec. limit 

1000 

1000 

500 

500 

xmaged  cable 
after  cyclic 

18 

53 

2.3 

3.3 

ageing 

complete  cable 

26 

34 

5.9 

11 

aged  7days  100 

®C  96 

88 

4.9 

11 

tested  as  shown  in  Table  6  then  a  sample 
length  of  3  metres  with  sheath  with  a 
length  of  exposed  conductor  for  end  con¬ 
nections  was  prepared  for  the  test.  A  ring 
of  the  sheath  50mm  wide  was  removed  from 
the  centre  of  the  sample  down  to  the  core 
and  a  water  column  1  metre  high  attached 
at  the  opening.  The  sample  was  subjected 
to  10  thermal  cycles  to  90 °C.  During 
the  test  and  at  the  end  of  the  test  no 
water  emerged  from  the  ends  of  the  cable. 


Table  9.  Contaminants,  Voids,  Protrusions 


on  Type  test  cable 


max  limits  test 

result 

Conductor  screen  i 

protrusions  into  screen 
protrusions  into 

0.250mm 

0 

insulation 

0.125mm 

0 

voids 

0 

1  Insulation  screen 

protrusions  into  screen 
protrusions  into 

0. 2S0mm 

0 

insulation 

0 . 125mm 

0 

voids 

0 

XLPE  insulation  I 

size  of  voids 

0.030mm 

0 

size  of  contaminants* 

0. 100mm 

0 

size  of  translucents*^ 

0.2S0mm 

0.100mm 

no  of  voids  per  16  cm* 
no  of  contaminants  per 

30 

nil 

16  CB^ 

15 

nil 

*  only  greater  than  or 
recorded . 

equal  to  0.050  mm 

(2  mils) 

Mechanical  test  on  joint  protection  box; 

A  large  pit  was  dug  and  the  fibreglass 
joint  protection  box  containing  the  joint 
complete  with  power  cable  and  bonding 
leads  and  filled  with  compound  was  placed 
in  the  pit.  This  is  shown  in  Figure  12. 
The  pit  was  filled  with  consolidated  dry 
sand  and  a  load  of  IS, 800kg  placed  on 
concrete  cable  protection  covers.  After 
30  minutes  the  load  was  lifted  off,  the 
protective  box  completely  exposed  and  ex¬ 
amined  for  any  deformation.  During  the 
test  there  was  no  movement  of  the  assembly 
or  displacement  of  any  sand  and  on  exam¬ 
ination  of  the  protection  box  no  evidence 
of  any  deformation,  fracture  or  distur¬ 
bance  to  any  part  of  the  box. 


Figure  11.  Test  arrangement  for  side  wall 
bearing  pressure  test 

Short  time  current  tests;  These  were 
carried  out  on  the  joint  and  joint  housing. 
The  joint  was  mounted  on  a  frame  with  a 
length  of  bonding  cable  in  place.  A  sec¬ 
ond  cable  was  fitted  in  parallel  with  the 
main  conductor  and  connected  to  carry  the 
return  current .  This  cable  was  placed 
520mm  from  the  main  cable  so  as  to  create 
a  force  on  the  main  conductor  to  simulate 
a  fault  condition.  The  test  results  are 
shown  in  Table  10.  Two  applications  of 
short  time  current  at  32kA  for  0.32  secs. 


Figure  12.  Mechanical  test  on  joint 
protection  box 
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were  carried  out.  The  short  time  current 
circuit  was  connected  so  that  the  return 
current  for  each  application  was  alterna¬ 
tively  connected  via  the  inside  and  the 
outside  conductors  of  the  bonding  cable. 
The  connections  were  made  in  such  a  way 
that  the  effect  of  deflection  was  ob¬ 
served  on  the  main  conductor  and  every 
joint  in  every  possible  current  path 
under  fault  conditions  was  tested.  After 
the  completion  of  the  test  examination 
revealed  that  there  was  no  sign  of  damage 
to  the  corona  shields  or  stress  cones  and 
no  damage  to  the  epoxy  coating  of  the 
joint  nose  cones. 

Table  10.  Short  time  current  test  results 


test 

result 

Partial  discharge 

^  2pC  at  190  kV 

after  assembly 

High  Voltage 

318  kv,  30  min 

DC  resistance  between 

no  breakdown 

cable  ends 

Short  time  current 

32  kA  0.32  secs 

0.2065  milli-ohm 

Inspection 

DC  resistance  between 

no  defects 

cable  ends 

0.2042  milli-ohm 

Partial  discharge 

2pC  at  190  kv 

Final  inspection 

no  oil  leaks 
no  damage 

Figure  13.  The  cable  route 

Cables  and  accessories  for  the  whole 
system  were  commissioned  and  are  operat¬ 
ional  since  early  this  year. 


Tests  on  the  screen  break  bonding  lead  in 
the  joint;  Impulse  tests  were  carried  out 
to  prove  the  integrity  of  the  bonding  lead 
and  insulated  gap  in  the  joint  screen  cir¬ 
cuit  with  the  joint  in  the  joint  housing. 
Ten  positive  and  ten  negative  impulses  at 
75kVp  were  applied  between  the  inner  and 
the  outer  conductors  of  the  bonding  lead 
also  effectively  testing  the  joint  screen 
gap.  No  breakdowns  occurred. 
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ABSIRACT  INTRODUCTION 


Since  the  successful  developaent  of  154kV 
XLPE  cable  in  1983.  its  coaiercial  use  has 
been  drastically  expanded  due  to  technical 
advantages  and  high  perfonance  of  insulation. 
Furtheraore.  the  large  conductor  size  of  1200 
SOMM  and  2000  SOMH  has  been  lainly  eaployed  in 
Korea  for  the  purpose  of  satisfying  the  bulk 
power  deaand  in  urban  areas. 

However,  it  is  highly  required  to  solve  the 
problews  at  the  level  of  the  joint  between  the 
cables  of  different  type  such  as  existing  OF 
and  XLPE  cables.  In  this  respect,  the  OF/XLPE 
transition  Joint  has  been  applied  for  the 
first  tiie  in  Korea  in  1989. 

In  this  paper,  considering  the  increasing 
deaands  of  bulk  power  in  Korea,  the  recent 
trend  of  underground  power  systea  is  also 
reported  for  developing  the  345kV  XLPE  cable 
and  forced  cooling  systea  In  enabling  to 
ensure  the  stable  power  supply  in  urban  area. 


in  the  case  where  it  is  not  allowed  to  link 
the  OF  cables  together  for  aaking  the  loop 
transaission  network  due  to  the  topological 
and  environaental  constraintes.  it  is  unavoid¬ 
able  to  apply  transition  Joints  with  XLPE 
cables.  For  the  first  tiae  in  Korea,  the  154kV 
OF/XLPE  transition  Joint  was  set  up  in  the 
transaission  lines  between  Shin-InCheon  S/S 
and  InCheon  S/S  in  1989. 

In  view  of  practical  application,  this 
report  deals  with  the  application  backgrounds, 
requireaents  and  test  results  of  transition 
Joint  box  (  herewith  referred  as  TJB  ).  And 
technical  counteraeasures  are  described 
against  the  theraal  expansion  of  installed 
power  cables  around  TJB. 

On  the  other  hand,  considering  the  increas¬ 
ing  deaands  of  bulk  power  in  Korea,  the  recent 
trend  of  underground  power  systea  is  also 
reported  for  developing  the  345kV  XLPE  cable 
and  forced  cooling  systea  in  enabling  to 
ensure  the  stable  power  supply  in  urban  area. 


6.L 
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BACKGROUNDS 

The  power  transiission  line  between  InCheon 
S/S  and  Ju-An  S/S  has  been  already  under 
operation  using  three  single  core  cable  of 
154kV  OF  1200  SOMM  which  were  installed  as  a 
trefoil  foraation  in  duct.  But  in  1989, 
the  new  lines  using  154kV  XLPE  cable  between 
Shin- InCheon  S/S  and  Naa-Dong  S/S  were  es¬ 
tablished  in  order  to  ensure  the  stability 
of  power  supply  around  these  areas,  for  which 
TJB  was  constructed. 

Route  profile  of  underground  transaission 
line  is  described  in  Fig  1. 

OF  cable  was  firstly  considered  for  this 
new  lines  for  the  safety  and  easy  jointing 
works,  which  aight  raise  soae  technical 
inconveniences  as  follows  : 

-  Considering  the  rapid  teaperature  rise 
in  tunnel  due  to  the  aulti-circuit 
installation,  it  is  Indispensable  to 
provide  the  forced  cooling  systea  in 
order  to  ensure  the  required  trans¬ 
aission  capacity  for  each  circuit. 

-  Space  for  the  stop  Joint  and  oil  feeding 
cquipaent  are  required  at  the  inter- 
aediate  point  of  this  long  cable  route 
with  high  difference  in  its  elevation. 

-  More  expenses  should  be  reserved  for  the 
prevention  devices  against  the  fire 
incident  of  OF  cables. 

Therefore  XLPE  cable  was  considered  as  the 
better  alternative  to  solve  the  above  tech¬ 
nical  inconveniences  and  TJB  was  eapioyed  for 
the  existing  OP  cables  and  newly  established 
XLPE  cables. 


Electrical  requireaents  of  TJB 


Table  1  describes  the  ainiaua  electrical 
requireaents  deterained  for  TJB.  These  values 
should  be  approx iaately  equal  to  those  of 
two  different  type  of  cables  such  as  154kV 
OF  cable  and  154kV  XLPE  cable. 


Table  1.  Electrical  requireaents  for  TJB 


Itea 

Requ 1 reaent 

AC  voltage  withstand 

400kV  ,  3  hours 

lapulse  withstand 

- 1 1 35kV  .  3  t 1 aes 

Partial  discharge 

Less  than  5pc  at  120kV 

TJB.  shown  in  Fig  2.  was  constructed  by  use 
of  the  syaaetrical  epoxy  unit,  for  which  a 
certain  nuaber  .  of  constraints  are 
established  as  follows  '■ 


-  adaptabl ity  to  the  aaxiaua  conductor 
size  up  to  2000  SQMM  of  154kV  power 
cables 

-  coapatibli ity  of  aaterials  for  any  type 
of  cables 

-  coBpactness 


OxMc»£.ii  emu  amciMT  awmoun 

OaouMuBiwE  anesRieaME  AiiwiniBMiMi 

CDamtcammii  MmMftHO  MMn  Osnyrm  9«MnHn«y  mHii 

©tforriMiT  ®iiwTMiLicum  9oit^>-siv 

(S>SHl£MCtSM  dCDMCCm  9lWP  SfULUl 

Fig.  2  Construction  of  TJB 


Testing  on  TJB 
(i)  Behaviour  of  Epoxy  Unit 


Heat  cycle  test  and  partial  discharge  test 
have  been  perforaed  to  confira  the  behaviour 
of  the  epoxy  unit.  Requireaents  and  test 
results  are  shown  in  Table  2. 


Table  2.  Requireaents  and  results  of  tests  on 
the  epoxy  unit 


Itea 

Requ i reaent 

Resu 1 t 

Heat 

cycle 

test 

Saaple  should  be  put  un¬ 
der  the  high  teaperature 
side  during  at  least  Ih. 
which  is  followed  by  the 
test  under  low  teapera¬ 
ture  side  during  at  least 
Ih.  Teaperature  differ¬ 
ences  of  both  side  should 
be  greater  than  80'C  and 
the  low  teaperature  side 
should  be  set  0^3  '  20*0  . 
This  process  should  be 
repeated  10  tiaes.  after 
which  no  evidence  of  ab- 
noaality  should  be  noti¬ 
ced. 

satisf¬ 

ied 

Partial- 

discharge 

test 

Less  than  5pc  at  120kV 

satisf¬ 

ied 
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(ii)  Initial  perfonance 


Table  3  illustrates  the  results  and 
requireaents  of  the  tests  carried  out  to 
verify  the  initial  perforaance  of  TJB. 


Table  3.  Requireaents  and  results  of  initial 
perforaance  test 


I  tea 

Requireaent 

Result 

Ail — 

t  ightness 
test 

Hydraulic  test  at  aabi- 
ent  teaperature  during 
30  ain  at  14  kg/cJ  .0  . 
through  which  no  leak¬ 
age  should  be  detected 
at  the  OF  cable  side. 

satisf¬ 

ied 

Partial- 
d  ischarge 
test 

Less  than  5pc  at  120kV 

sat isf- 
ied 

I  apu 1 se 
withstand 

-1135kV.  3  tiaes 

sat isf- 
ied 

AC 

voltage 
withstand 
_ —1 

400kV,  3  hours 

satisf¬ 

ied 

(iii)  Long  ter a  theraal  ageing  test 


Table  4  illustrates  the  testing  condition 
of  the  long  tera  theraal  ageing  for  verifying 
the  electrical.  aechanlcal  and  theraal 
behaviour  of  TJB.  for  which  a  service  life  of 
50  years  based  on  the  n=9  is  assuaed. 


Table  4.  Condition  of  long  tera  theraal  ageing 
test 


Followed  by  the  above  test,  residual  test 
was  also  carried  out  in  the  saae  way  as  the 
initial  perforaance  test.  No  noticeable 
differences  were  observed. 

Counteraeasure  of  cable  theraal  expansion 

in  order  to  avoid  the  inconveniences  occur¬ 
red  due  to  the  theraal  expansion  of  cables, 
two  different  counteraeasures  are  taken 
OFF-SET  in  aanhole  for  the  cables  in  duct  and 
Snake  installation  for  the  cables  in  tunnel. 


These  two  aethods  were  designed  to  liait  the 
strain  of  the  aetal  sheath  of  cables  within 
0.3*  . 

For  the  Junction  at  aanhole  where  TJB  was 
installed.  L-type  OFF-SET  was  used  to  ab¬ 
sorb  the  theraal  expansion  of  cables  in  each 
duct  line  as  shown  in  Fig  3. 


Fig. 3  L-type  OFF-SET 

And  for  the  curved  part,  the  curve  radius  was 
set  to  be  3a  considering  the  ainiaua 
peraissible  curve  radiusi  20  tiaes  the  average 
outer  diaaeter  of  aetal lie  sheath  of  cable  ). 
However,  for  the  straight  part,  noraal  OFF-SET 
was  designed  according  to  the  equations 
described  below  : 

(1)  L  ^  4F 

(2)  L  i  (4RF-F*2) 

200  Ds  a 

(3) .003i:  e  =  - IJ~  15.2(l+L*2/F-2)  +  n-l  I 

L‘2+F*2 

where. 

L  :  length  of  OFF-SET  (aa) 

F  :  Real  width  of  OFF-SET  (aa) 

R  :  Peraissible  curve  radius  of 
OF  cable  (aa) 

Ds:  Average  outer  diaaeter  of 
aetal lie  sheath  of  cable  (aa) 
a  :  longitudinal  displaceaent  of 
cable  due  to  theraal  expansion 

(aa) 

Table  S  shows  the  diaension  of  each  part 
described  in  Fig  3. 


Table  5.  Diaension  of  L-type  OFF-SET 


L 

F 

n 

D 

a 

Dl 

1.200 

3.600 

100 

200 

200 

100 

The  strain  was  calculated  to  be  0.23*.  which 
satifies  the  requireaent. 


Recent  trends  of  underground  transaission 

sysLfil  in  Korea 

Nowadays  it  is  absolutely  difficult  to 
provide  the  new  underground  power  cable  route 
in  Korean  aetropol itan  area  due  to  aany  a 
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different  kind  of  underground  utilities  such 
as  :  subways  •  gas  and  water  supply  pipes, 
coaiunication  &  power  cable  lines  and  etc. 

And  thus  underground  tunnels  for  the  new  cable 
routes  are  now  being  constructed  at  the  30a  ■■ 
50i  lower  than  the  ground  level. 

Electricity  demand  in  Korea  (  21000MW  in 
1991  )  is  expected  to  increase  annually  6S 
I  OS  to  reach  a  high  of  3S000MV  in  1996  and 
47000MW  in  2001.  In  order  to  suppleient  the 
forecasted  load  carrying  capacity.  a  new 
underground  transiission  voltage  level  of 
34SkV  and  the  forced  cooling  systea  will  be 
introduced  in  near  future. 

345kV  XLPE  cable 


345k V  OF  cable  has  been  developed  in  1989 
and  is  about  to  be  utilized  coaaercially  in 
1993.  However,  it  is  highly  required  to 
develop  the  345kV  XLPE  cables  due  to  the 
progressed  aanufactur ing  facilities  with 
improved  dry-curing  process.  On  the  other 
hand,  the  users  also  pursue  the  excellent 
electric  performance  of  power  cables  and  the 
simplified  installation  with  easy  maintenance. 
Particularly,  it  is  indispensably  recommended 
to  use  the  solid  insulation  power  cables  for 
the  cable  routes  with  great  difference  in 
height  such  as  those  of  hydro  power  station'  or 
with  insufficient  space  for  oil  feeding 
equipment. 

The  main  technical  problems  to  solved  for 
the  development  of  345kV  XLPE  are  as  follows  : 

-  Uniformity  of  insulation  without  any 
defects 

-  Cable  manufacturing  process  ensuring  to 
meet  large  thermal  expansion  of  the 
insulation. 

Considering  30  years  of  expected  cable  life, 
insulation  thickness  of  345kV  cable  Is  recomm¬ 
ended  to  be  approximately  34aa  enabling  to 
withstand  both  the  maximum  system  voltage 
of  362kV  and  BIL  of  1300kV. 

Forced  cooling  method 


Forced  cooling  methods  will  be  introduced 
in  Korea  in  order  to  increase  the  transmission 
capacity  more  efficiently  for  the  safe 
power  supply  in  urban  area  and  to  achieve  the 
higher  utilization  efficiency  of  underground 
transmission  facilities.  Therefore,  many  a 
different  type  of  forced  cooling  methods 
have  been  under  consideration  for  introducing 
in  our  underground  power  systea  as  follows 

-  Tunnel  direct  and  indirect  water  cooling 

-  Duct  line  direct  cooling 

-  Internal  cooling 

-  Pipe  type  freon  cooling 

-  Cryogenic  cooling 

Among  these,  tunnel  indirect  water  cooling 
technique  will  be  adopted  in  view  of  the  fact 
that  this  systea  .is  reliable  with  technical 
and  economical  advantages  in  connection  with 
the  construction  and  maintenance.  Moreover 


this  method  is  considered  to  be  the  most 
preferable  for  the  long  transmission  line 
requiring  large  capacity.  Fig  4  and  Fig  5 
describe  the  fire  protection  in  tunnel  and 
the  arrangement  of  installations  respectively 
which  will  be  constructed  in  our  underground 
power  systea. 


Fig.  4.  CONFIGURATION  OF  nRE-PROTECTK)N 
TROUGH  IN  TUNNa 


Fig.  5.  SECTIONAL  VIEW  OF  F1RE-PR01ECT10N  TROUGH 

It  is  also  expected  that  this  forced 
cooling  systea  permits  us  to  Increase  the 
transmission  capacity  by  approximately  30S 
compared  with  that  of  natural  air  cooling 
systea . 


Conclusion 

In  this  work,  we  have  given  the  details  of 
the  154kV  OF/XLPE  transition  joint  which  was 
already  installed  into  the  main  transmission 
line  in  Korea.  And  recent  trends  of  under¬ 
ground  transmission  systea  in  Korean  urban 
area  is  also  well  reported. 

Our  TJB  was  proved,  through  the  service 
records  up  to  now,  to  be  so  reliable  that  it 
could  be  expected  to  envisage  more  advanced 
application  to  the  other  voltage  grade  in 
power  transmission. 

On  the  other  hand,  the  electrical  power 
company  and  cable  makers  in  Korea  make  their 
investigations  in  developing  power  cables  with 
large  conductor  size,  for  the  higher  rated 
voltage  grade  and  In  realizing  appropriate 
forced  cooling  technique. 
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ABSTRACT 

A  means  of  estimating  temperature  distributions  with¬ 
in  XLPE  insulated  extra  high  voltage  cables  undergoing 
manufacture  in  a  harsh  environment  is  described.  The 
problem  of  estimating  temperatures  during  dry  curing  in 
nitrogen  in  a  VCV  line  was  successfully  accomplished  in  a 
collaborative  project  between  a  Research  Organisation  and 
a  Cable  Maker.  The  problem  was  addressed  by  construct¬ 
ing  a  computer  model  and  a  physical  laboratory  model  of 
the  vertical  CV-line.  In  addition,  the  VCV-line  was  used 
as  an  experimental  platform  by  embedding  thermocouples 
and  other  temperature  sensors  in  a  variety  of  e''r>erimental 
cables  so  as  to  test  and  fine  tune  the  computer  model. 

The  project  established  that  the  cable  temperatures 
exceed  considerably  those  calculated  by  some  popular  pro¬ 
grams  which  puts  under  review  the  existing  coTelation  be¬ 
tween  the  time  of  decomposition  of  peroxide  and  the  degree 
of  crosslinking  of  XLPE  insulation  as  assessed  by  the  hot 
set  method. 

The  availability  of  the  program  has  led  to  a  better 
understanding  and  control  of  the  manufacturing  process. 


INTRODUCTION 

Ever  increasing  power  demands  in  industrial  centres, 
cities  and  urban  areas  means  the  use  of  high  voltage  (HV) 
and  extra  high  voltage  (EHV)  underground  cables  is  rapidly 
growing.  In  recent  years  polymers,  especially  crosslinked 
polyethylene  (XLPE),  are  becoming  a  successful  replace¬ 
ment  for  conventional  oil  filled  paper  cables. 

A  wide  range  of  mectsures  have  been  implemented  in 
order  to  further  the  reliability  of  XLPE  insulated  cables, 
and  in  particular  EHV  cables,  such  as:  cable  design,  ma¬ 
terials  and  manufacturing  technology.  Replacement  of  tra¬ 
ditional  steam  crosslinking  processes  by  ‘dry  ci<jsslinking’ 
is  one  of  the  outstanding  examples  of  progress  in  the  field. 
The  dry  crosslinking  is  necessary  to  avoid  water  treeing  and 
to  obtain  microvoid  free  insulation. 

The  processes  which  take  place  during  the  manufac¬ 
ture  of  an  XLPE  insulated  cable  have  been  described  by  a 
number  of  authors' .  In  essence,  the  layers  of  insulation  and 
semiconductive  materials  are  extruded  simultaneously  on  to 
a  metallic  conductor  by  a  multiple  (triple)  extruder  system 
and  the  cable  so  formed  passes  down  through  a  tubular 
heating  environment,  pressurised  to  800-1000  kPa  (120-150 
p.s.i)  with  dry  nitrogen,  where  the  crosslinking  process  is 


initiated.  The  cable  then  passes  through  a  cooling  zone 
where  it  is  cooled  with  forced  dry  nitrogen  and/or  water, 
again  under  pressure.  In  the  case  of  a  vertical  plant,  which 
can  be  60-S0m  (180-240  feet)  high,  the  cable  direction  is 
changed  from  vertical  to  horizontal  by  a  large  turnaround 
wheel  at  the  base  of  the  plant,  before  undergoing  further 
cooling  and  then  exiting  into  ambient  conditions. 

The  crosslinking  process  itself,  in  this  application,  is 
activated  by  free  radicals  resulting  from  the  decomposition 
of  a  peroxide  caused  by  heating  and  is  thus  extremely  tem¬ 
perature  dependent.  In  addition,  the  surface  of  the  cable 
must  not  be  exposed  to  high  temperatures  for  excessive 
periods,  otherwise  decomposition  of  the  insulation  mate¬ 
rial  may  occur.  On  exiting  from  the  heating  zones  the 
cable  must  be  cooled  gently  to  avoid  incorporating  excessive 
strain  in  the  insulation  and  to  ensure  the  crosslinking  pro¬ 
cess  is  effectively  complete  before  the  cable  passes  round 
the  wheel  so  as  to  avoid  deformation  of  the  cable.  Also, 
if  water  cooling  is  used,  the  cable  surface  mu.st  be  below  a 
particular  temperature  at  entry  to  the  water.  Finally,  at  the 
point  where  the  cable  exits  from  the  p'-.at  into  atmospheric 
pressure  the  cable  must  be  sufficiently  cool  to  withstand 
the  reduction  in  pressure,  to  avoid  the  formation  of  voids 
or  bubbles  in  the  insulation  due  to  the  by-products  of  the 
crosslinking  process.  The  economics  of  the  process  also  play 
a  role,  as  the  speed  at  which  the  cable  passes  through  the 
plant  must  also  be  maximised  so  as  to  minimise  the  cost  of 
manufacture. 

The  temperature  distribution  In  the  cable  must  there¬ 
fore  be  known  during  the  entire  manufacturing  process. 

The  determination  of  the  temperature  distribution  in 
a  cable  undergoing  manufacture  in  such  a  vertical  contin¬ 
uous  vulcanising  (VCV)  line  is  no  easy  task.  The  cable 
is  moving  and  may  also  be  oscillating  perpendicular  to  its 
direction  of  travel.  The  pressurised  tube  in  which  the  cable 
travels  can  be  heated  to  350  -  400°C  up  to  a  maximum  of 
4.50‘’C(840“F)  and  at  the  higher  temperatures,  some  pyrol¬ 
ysis  products  can  be  emitted  by  the  cable  which  tend  to 
condense  on  the  surface  of  the  tube.  Temperature  sensors 
such  as  thermocouples  cannot  be  embedded  in  production 
cable  and  temperature  measurements  on  one  or  even  a  num¬ 
ber  of  experimental  cables  do  not  provide  information  for 
the  very  large  number  of  cable  types  of  different  size  and 
configuration  that  can  be  manufactured  in  a  VC\^  line. 

Simulation  of  th-  dry  curing  process  '''  r  XLPE  in¬ 
sulated  cable  has  been  carried  out  by  various  firms  and 
organisations  with  various  degrees  of  accuracy.  This  project 
was  undertaken  because  in  the  case  of  EHV  cable  there 
was  a  need  for  a  considerably  improved  correlation  between 
predicted  and  actual  processes  taking  place  in  the  cable. 
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The  problem  of  estimating  temperatures  in  a  VCV 
line  was  successfully  accomplished  in  a  collaborative  project 
between  Research  Organisation  and  a  Cable  Maker  stretch¬ 
ing  over  some  3  years.  The  problem  was  addressed  by 
constructing  a  computer  model  of  the  VCV  line  to  provide 
the  temperature  distribution  within  the  cable  in  terms  of 
temperatures  and  other  parameters  which  could  be  mea¬ 
sured  on  the  line.  Use  of  the  computer  model  then  enabled 
estimates  to  be  made,  at  the  accuracy  required,  of  various 
measured  line  parameters  and  the  extent  of  any  necessary 
control.  In  addition,  the  VCV  line  was  used  as  an  exper¬ 
imental  platform  by  embedding  thermocouples  and  other 
temperature  sensors  in  a  variety  of  experimental  cables  so 
as  to  test  and  line  tune  the  computer  model.  The  interactive 
development  Oif  the  computer  model  aided  in  broadening  the 
product  range  produced  by  the  plant  and  in  commissioning 
a  second,  larger  plant  for  the  production  of  larger-diameter 
cable. 

This  paper  describes  the  course  of  the  project,  the 
development  of  the  procedures  u.sed  for  the  estimation  of 
cable  temperatures  and  the  agreement  achieved  between 
calculati  ’  and  exrreriment. 


COMPUTER  .MODEL 


Analyses  of  the  processing  of  insidated  cable  have  been 
carried  out  by  Boysen^  and  Kodres  and  Phillip®.  These 
analycses  did  not  refer  to  the  type  of  plant  described  here, 
were  quite  general  and  not  applied  to  a  real  situation. 

To  obtain  the  transient  temperature  distribution  wi‘h- 
in  the  cal  'c  as  it  passes  through  the  plant  it  is  necessary 
to  solve  the  heat  transfer  equation  within  the  layered  cable 
structure.  Experience  showed  that  a  number  of  simplifying 
assumptions  could  be  made. 

The  solution  procedure  was  confined  to  the  interior  of 
the  cable  with  radiative  and  convective  boundary  conditions 
being  set  at  the  cable  surface. 

The  stranded  conductor  was  assumed  to  be  of  a  uni¬ 
form  material  with  an  appropriate  effective  density  to  take 
account  of  the  voids  and  with  a  radial  therm.d  conductivity 
very  much  less  than  the  axial  thermal  conductivity  Axial 
symmetry  could  then  be  assumed. 

Axial  thermal  conduction  in  the  cable  was  neglected 
as  the  heat  conduction  equation  was  solved  at  sufficiently 
small  time  intervals.  At,  for  this  to  be  a  retisonable  assump¬ 
tion. 


These  assumptions  simplified  the  heat  transfer  equa¬ 
tion  to; 


l_d 
r  dr 


+  <7  =  pCp 


di 


(1) 


wnere  T  is  the  temperature,  r  the  ladial  distance  from  the 
cable  axis,  «  the  thermal  conductivity,  p  the  density,  Cp  the 
specific  heat  and  t  the  time.  Heat  is  generated  within  the 
PE  due  to  reactions  associated  with  the  crosslinking  process 
and  is  represented  by  q. 


Elquation  (1)  was  solved  within  the  cable  using  the 
method  of  finite  differences.  A  .section  of  cable  was  con¬ 
sidered  as  it  moved  through  the  manufacturing  plant.  The 


section  was  divided  into  a  number  of  radial  control  volumes, 
Ar  in  width,  appropriate  to  the  cable  dimensions.  The  tem¬ 
perature,  thermal  conductivity,  density  and  specific  heat 
Were  assumed  to  vary  linearly  within  the  control  volumes. 

The  boundary  conditions  at  the  cable  surface  involve 
the  convective  heat  transfer  coefficients  with  dry  nitrogen 
and/or  water,  the  emissivities  of  the  cable  and  surrounding 
tube  and  the  temperatures  of  the  media  and  tube.  The 
boundary  condition  at  the  cable  surface  was  established 
from  the  heat  balance  at  the  surface; 


/i ( 7’„.  -  T)  -b  ( ( T, -h 273. 1 .5 )-•  -  ( T + 273. 1 .5 )^ )  ( 2 ) 


where  R  is  the  cable  radius,  'Tn  is  the  temperature  of  the 
surrounding  medium,  T  is  the  surface  temperature  of  the 
cable,  T,  is  the  temperature  of  the  tube  inner  surface.  )i  is 
the  convective  heat  transfer  coefficient  at  the  cable  surface 
and  F  is  a  configuration  factor  given  by: 


\IE,  +  {RIR,)(\IE,-l) 

where  /?,  is  the  radius  of  the  tube,  Ec  is  the  emissivily  cf 
the  cable  surface  and  E,  the  emissivity  of  the  tube. 

The  heat  transfer  coefficient  in  the  water-cooling  zones 
Wcis  taken  from  various  values  iti  the  literature  and  was 
sufficiently  large  that  variations  in  its  value  had  little  effect 
on  the  computer  model.  The  heat  transfer  coefficient  in  the 
nitrogen-cooling  zones  was  calculated  as  a  separate  exercise 
for  a  range  of  gas  velocities,  cable  diameters  and  tube  di¬ 
ameters,  An  empirical  function  was  derived  to  describe  the 
dependence  of  the  heat  transfer  coefficient  on  gas  velocities 
and  cable  diameter  and  included  in  the  computer  model. 
Values  for  the  convective  heat  transfer  coefficient  were  also 
calculated  in  the  heating  zones. 


Values  of  the  emissivity  of  the  cable  and  tube  surfaces 
were  assumed  and  later  empirically  adjusted. 

The  transient  solution  of  Eq.  (1)  was  obtained  by 
using  the  Crank-Nicolson(5)  implicit  method  to  move  for¬ 
ward  in  time.  The  Crank- Nicolson  method  was  chosen 
as  being  more  robust  than  either  pure  implicit  or  explicit 
methods.  The  temperature  at  nodal  position  n  and  at 
timestep  number  i  for  a  timestep  size  of  A<  is  given  by: 


T{n,i)  =  T(n,t-l)  +  -At 


dT{n.i)  ^  dT{nJ-\) 


dt 


dt 


(4) 


The  time  deriva  ves  of  temperature  in  Equ  (2)  were  ob¬ 
tained  by  writing  Equ  (1)  in  finite  difference  form  resulting 
in  a  set  of  linear  equations  which  could  be  solved  for  the 
nodal  temperatures. 

Values  for  the  thermal  conductivity  and  specific  heat 
for  the  XLPE  materials  obtained  from  various  sup|)licis 
differed  by  almost  a  factor  of  2.  In  addition,  values  obtained 
from  the  literature  seemed  quite  variable.  .Accordingly, 
the  various  types  of  PE  were  examined  using  a  differential 
scanning  calorimeter  to  provide  specific  heat  values  and  also 
to  characterise  the  heat  generated  during  the  decomposition 
of  the  peroxide  which  initiates  the  crosslinking  process. 

The  thermal  conductivity  of  each  PE  material  was 
measured  by  forming  a  cylinder  of  the  PE,  placing  ther¬ 
mocouples  on  the  axis  and  surface  of  the  cylinder  and  then 


International  Wire  &  Cable  Symposium  Proceedings  1992  579 


heating  and  cooling  the  cylinder.  The  temperature  profiles 
recorded  by  the  thermocouples  were  stored  in  an  IBM  com¬ 
patible  personal  computer.  A  computer  model  of  the  PE 
cylinder  was  developed  in  the  same  way  as  for  the  cable 
so  that  the  temperature  profile  recorded  on  the  axis  of 
the  cylinder  could  be  calculated  in  terms  of  the  surface 
temperature  profile  for  trial  v'alues  of  the  thermal  conduc¬ 
tivity  which  were  adjusted  until  the  meeisured  and  calcu¬ 
lated  values  agreed.  This  enabled  the  thermal  conductvity 
of  the  PE  to  be  determined  in  terms  of  the  specific  heat 
over  the  appropriate  temperature  range  in  one  experiment. 
This  method  had  the  advantage  that  the  values  of  thermal 
conductvity  being  relative  to  the  specific  heat  values  w'ere 
those  most  appropriate  for  use  in  the  cable  computer  model. 
The  apparatus  constructed  for  this  experiment  is  shown  in 
Fig.  1 


Figure  1.  An  experimental  apparatus  to  simulate 
a  heating  and  cooling  zone  of  a  pressurised  dry 
cure  CV  line.  The  larger  diameter  vertical  section 
contains  the  zones  and  the  smaller  diameter  loop 
tube  allows  cooling  gas  to  be  recirculated  by  means 
of  a  fan  and  cooled  by  a  water  jacket. 


The  apparatus  was  actually  a  laboratory  scale  exper¬ 
imental  simulation  of  a  heating  and  cooling  zone  of  a  dry 
crosslinking  CV-line.  The  apparatus  could  also  be  [)res- 
surised  with  dry  nitrogen  so  as  to  simulate  manufacturing 
conditions.  A  cylindrical  sample  could  be  lowered  vertically 
between  heating  and  cooling  zones  so  that  temperature 
profiles  experienced  by  the  sample  were  similar  to  those 
experienced  by  a  cable  in  a  pressurised  VCV  line.  The  ap¬ 
paratus  thus  provided  a  means  of  crosslinking  polyethylene 
samples  in  the  laboratory  so  as  to  verify  numerical  cure 
predictions. 

These  various  data  were  included  in  the  computer  pro¬ 
gram,  which  existed  in  various  versions,  typically  occupying 
less  than  130  kbytes  of  computer  memory  and  running  in 
less  than  8  seconds  on  an  IBM  compatible  386PC  using  a 
co-processor. 

An  expression  relating  the  degree  of  crosslinking  ac¬ 
cumulated  in  the  PE  to  temperature  was  included  in  the 
program  as  also  was  the  ability  to  achiev’e  a  set  degree  of 
crosslinking  by  adjusting  the  speed  of  the  cable. 

EXPERIMENTAL  RESULTS 


Temperature  measurements  were  made  on  a  variety  of 
cables  as  they  passed  through  the  VCV  line. 

On  four  experimental  cables,  a  thermocouple  was  tap¬ 
ed  to  the  conductor  and  fed  through  the  extruder  system 
so  as  to  provide  a  temperature  profile  as  the  cable  passed 
through  the  plant.  This  procedure  is  not  without  its  dif¬ 
ficulties,  as  the  presence  of  the  thermocouple  can  cause 
the  conductor  to  be  asymmetrically  located  in  the  extruder 
resulting  in  a  cable  less  symmetric  than  it  would  otherwise 
be  as  there  is  some  manufacturing  tolerance  on  symmetry. 

On  some  of  these  cables,  a  thermocouple  was  also 
taped  to  the  outer  surface  of  the  XLPE,  enclosing  the  cable, 
and  then  passed  through  the  VCV  line.  Measuring  the 
surface  temperature  of  the  cable  in  this  way  is  an  extr^lor- 
dinarily  difficult  procedure  as  the  XLPE  at  the  output  of 
the  extruder  is  hot,  perhaps  130°C,  and  quite  soft.  Conse¬ 
quently  the  thermocouple  can  sink  into  the  polymer  and 
the  tape  holding  the  thermocouple  in  place  can  restrict 
the  expansion  of  the  XLPE,  causing  the  cable  to  have  a 
neck  at  that  point.  The  measurement  procedure  itself  is 
also  difficult  because  the  thermocouples  used  were  of  the 
industrial  variety  and  are  relatively  robust,  and  therefore 
large.  Despite  these  difficulties  a  number  of  sensible-looking 
records  of  cable  surface  temperatures  were  obtained. 

In  Fig.  2,  the  best  thermocouple  measurements  of 
the  surface  and  conductor  temperature  profiles  of  a  1 10  kV 
cable  are  displayed  together  with  computer  simulations  of 
the  profiles  followed  by  the  conductor  and  cable  surface 
during  their  passage  through  the  plant. 

The  agreement  between  calculation  and  experiment 
is  excellent,  particularly  when  it  is  remembered  that  the 
simulation  is  of  a  large  industrial  plant  and  not  that  of 
a  laboratory  experiment.  The  most  critical  part  of  the 
temperature  profile  is  that  experienced  by  the  conductor 
around  its  maximum  value,  as  it  is  in  this  region  where  the 
XLPE  close  to  the  conductor  is  crosslinked.  It  will  be  seen 
that  the  computer  program  was  very  successful  in  simulat¬ 
ing  the  conductor  temperature  profile  around  its  maximum. 
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The  agreement  between  measured  maximum  and  predicted 
maximum  conductor  temperatures  was  within  a  few  "C  or 
°F  for  the  four  cables  measured. 


DISTANCE  THROUGH  PLANT  (m) 

Figure  2.  Simulation  of  the  surface( dashed)  and 
conductor(solid  line)  temperatures  for  a  110  kV 
cable  on  an  Olex  VCV  line.  Experimental  mea¬ 
surements  are  represented  by  circles  and  squares 
for  the  surface  and  conductor  temperature  respec¬ 
tively 

Additionally  a  different  and  less-informative  means 
was  also  used  to  meeisure  the  maximum  temperatures  tichie- 
ved  by  conductors  for  a  variety  of  cables  as  they  passed 
through  the  plant.  A  variety  of  temperature  sensitive  tapes 
which  change  colour  permanently  on  exposure  to  temper¬ 
ature  were  placed  on  the  conductors  for  a  wide  variety  of 
experimental  and  production  cable.  The  tape  provided  a 
range  of  values  within  which  the  temperature  achieved  by 
the  tape  was  expected  to  be  found.  This  tape  performed 
reasonably  well,  and  a  test  of  a  sample  of  50  tapes  resulted 
in  most  lying  inside  their  specification  of  ±1%  of  their 
rating.  These  tapes  were  regarded  as  providing  an  indica¬ 
tion  of  temperatures  to  within  a  few  degrees  Celsius.  The 
agreement  between  the  maximum  temperature  achieved  by 
the  conductor  inferred  from  the  temperature  sensitive  tape 
and  computer  simulations  was  determined  for  more  than 
30  cables.  The  mean  deviation  between  the  two  estimates 
was  3‘’C  over  the  range,  which  covered  cable  of  insulation 
thickness  ranging  from  3  to  .35  mm,  i.e.  covering  the 
voltage  range  from  6.6  to  330  kV.  This  is  considered  to 
be  an  excellent  result. 

It  h^ls  been  established  that  in  most  cases  actual  tem¬ 
peratures  measured  exceeded,  by  lO^C  or  more,  the  tem¬ 


peratures  predicted  by  existing  well  known  programs.  This 
in  turn  raises  questions  concerning  the  correlation  between 
the  time  of  decomposition  of  peroxide  and  the  degree  of 
crosslinking  of  the  XLPE  insulation  as  assessed  by  the  hot 
set  method. 

Use  of  the  program  allows  the  speed  of  the  cable  throu¬ 
gh  the  plant  to  be  maximised,  while  ensuring  that  the  con¬ 
straints  on  temperatures  achieved  by  the  cable  are  satisfied 
and  a  properly  cross-linked  cable  is  produced.  The  eco¬ 
nomics  of  the  manufacturing  process  can  thus  be  optimised. 

CONCLUSION 


The  transient  temperature  distribution  within  XLPE 
insulated  high  voltage  cable  during  the  manufacturing  pro¬ 
cess  has  been  successfully  simulated  by  means  of  a  computer 
program.  The  agreement  between  temperatures  predicted 
by  the  computer  and  those  measured  is  excellent.  The 
availability  of  the  program  has  lead  to  a  better-understood 
and  better-controlled  manufacturing  process  with  economic 
benefits  flowing  from  the  elimination  of  waste  and  the  use 
of  optimal  manufacturing  conditions. 
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Abstract  There  has  been  extensive 

development  of  moisture  barrier  medium  and  high 
voltage  cables  as  a  countermeasure  to  water  treeing. 
The  moisture  barrier  can  take  traditional  forms 
including  extruded  or  welded  metallic  tubes.  The  latest 
developments  in  moisture  barrier  cable  design  use 
laminate  sheaths.  This  paper  will  discuss  the 
traditional  approaches  and  then  present  an  evolution  of 
the  laminate  sheath.  An  overview  of  the  various 
designs,  under-jacket  with  foil  or  sheet,  or  on-core,  will 
be  given.  Design  considerations  will  also  be 
discussed.  Information  on  deployment  in  the  field  and 
standardization  activities  will  complete  the  report. 


Introduction  Where  does  one  begin?  As  the  reader 
will  discover,  an  immense  amount  of  data  and 
information  on  moisture  barrier  cable  has  emerged.  In 
spite  of  this  body  of  knowledge  on  the  effectiveness  of 
moisture  barriers  against  treeing  and  the 
commercialization  of  moisture  barrier  cable,  the  treeing 
phenomena  is  still  being  researched  and  studied.  Well 
over  a  thousand  papers  have  been  presented  on 
treeing  related  research.  Great  energy  is  still  being 
expended  to  understand  the  mechanism  and  the 
material  constraints.  Yet  the  three  things  that  cause  or 
accelerate  treeing  are  well  known.  They  are  electrical 
stress,  the  presence  of  water  and  the  presence  of  ionic 
species.  The  evidence  is  indisputable  that  if  moisture 
and  ions  are  kept  out  of  the  insulation,  then  cable 
service  life  is  assured.  To  this  end,  radial  and 
longitudinal  moisture  barriers  have  been  developed  to 
the  degree  that  practical,  cost  efficient  cable  designs 
are  available.  In  point  of  fact,  there  has  been  a 
proliferation  of  moisture  barrier  or  impervious  cable 
designs  in  recent  years.  Field  data  or  performance  is 
starting  to  emerge  and  it  is  excellent. 

This  paper  will  overview  the  evolution  of  moisture 
barrier  cables  and  the  data  that  support  their  use.  To 
set  the  stage,  some  background  data  on  the  use  of 
jackets  to  increase  moisture  resistance  will  be 
presented,  followed  by  general  construction  details  with 
data  on  performance  of  moisture  barrier  sheaths. 
Details  on  the  types  of  sheaths  in  use  for  both  medium 
voltage  and  high  voltage  cable  applications  comprise 
the  b^  of  the  report. 


Background  A  lot  of  hope  is  being  placed  in  the  use 
of  a  cable  jacket  to  provide  moisture  resistance  to  a 
cable.  For  a  long  time  many  medium  voltage  cables 
used  by  utilities  in  the  U.S.  were  buried  directly  in  the 
soil  without  a  jacket  (i.e.,  an  “open  neutral"  design  was 
used).  This  allowed  water  to  contact  the  semi¬ 
conducting  insulation  screen  directly.  Neutral  corrosion 
and  water  treeing  led  to  field  problems.  Some  utilities 
have  been  using  jacketed  cable  for  over  20  years  to 
successfully  control  concentric  neutral  corrosion. 12 
Recent  survey  data  on  the  incidence  of  neutral 
corrosion  indicates  that  jackets  are  indeed  controlling 
neutral  corrosion.^ 

What  about  treeing?  Do  the  jackets  help?  The  most 
comprehensive  field  data  on  the  effect  of  polyvinyl 
chloride  (PVC)  jackets  on  treeing  has  been  gathered  by 
Mintz.^  These  data,  shown  in  Table  I,  indicate  that  the 
trees  in  jacketed  cable  are  not  as  long  as  those  in 
unjacketed  cables.  The  relative  differences  in 
performance  between  the  jacketed  and  unjacketed 
cable  on  a  statistical  basis  indicate  that  the  use  of  a 
jacket  resulted  in  8%  less  failures  versus  the 
unjacketed  cable. 

Table  I 

Percentage  of  Samples  with  a 
Specified  Cable  Construction  Trait  and 
Water  Trees  Longer  than  a  Specified  Length 


Percentage  of  Cables  with 
Cables  with  Water  Trees  Longer  Than  X% 
Jacket  Treeing  Data  of  the  insulation  Thickness 


>0% 

>25% 

>50% 

>75% 

None 

36 

92 

64 

50 

33 

PVC 

17 

76 

53 

29 

12 

A  polyvinyl  chloride  (PVC)  jacket  has  a  significantly 
higher  water  vapor  transmission  (WVT)  rate  than  a 
polyethylene  jacket,  as  shown  in  Table  ll.s  These  data 
show  the  effect  of  density  on  the  rate  of  permeation  as 
well.  Typically,  permeation  is  expressed  as  a 
transmission  rate  per  unit  thickness  at  a  given  vapor 
pressure  and  temperature.  The  data  gathered  by 
Hamilton®  and  shown  in  Figure  1  show  the  effect  of 
polyethylene  density  and  temperature  on  permeability 
of  pure  polyethylene.  The  data  show  that  low  density 
polyethylene  has  about  three  times  the  permeability  of 
HOPE.  The  data  of  Ferrani^  for  a  low  density  black 
cable  jacketing  compound  indicate  that  it  has  about  two 
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Table  III 


times  the  permeability  of  natural  polyethylene. 
Temperature  is  also  a  factor.  The  data  indicate  that  an 
increase  in  temperature  from  20‘“C  to  40°C  doubles  the 
permeability. 


Table  II 

Moisture  Vapor  Transmission  of  Black  Compounds 

Moisture  Vapor^^) 


ComDound 

Base  Resin  Density 

Transmission 

(g/cc) 

(g/day/m2) 

LDPE 

.920 

1.16 

IXDPE 

.920 

0.74 

MDPE 

.930 

0.51 

HOPE 

.941 

0.58 

HOPE 

.948 

0.32 

pvco 

1.350 

10.0 

^  ^  ^  PVC  (90*C  rating  -  90  duromeier  palhalaie  plasiiciaed) 

Moisture  vapor  transmission  was  run  according  to  ASTM  E  96*80  spec  at 
100*F  and  90%  R.H. 

Figure  1 


Permeability  of  Polyetbylene  Cable  Jacket  and 
Natural  Polyethylene  as  a  Function  of  Temperature 


0  10  20  30  40  50 


T«mp«ratur«  (°C) 

Source:  HamiUon^ 

What  about  the  use  of  polyethylene  jackets?  Several 
accelerated  aging  tests  have  been  done  to  assess  the 
effects  of  polyethylene  jackets.  The  data  shown  in 
Table  III  were  gathered  by  Katz,  et  al.®  In  this  case,  the 
cables  were  aged  for  12  months  in  31  m  (101.7  ft)  long 
coils  in  ambient  temperature  water  at  2  1/2  times  the 
rated  voltage  to  ground  (21.7  kV).  The  data  show  that 
cable  with  the  polyethylene  jacket  and  cross-linked 
polyethylene  (XLPE)  insulation  has  a  somewhat 
reduced  deterioration  in  impulse  breakdown  (-45% 
versus  -37%),  but  a  slightly  greater  amount  of 
deterioration  in  ac  breakdown  (-38®/<>  versus  -34%).  For 
the  jacketed  cable  with  ethylene  propylene  rubber 
insulation,  the  degradation  was  greater  with  the 
jacketed  cable  versus  the  unjacketed  (-43%  versus 
-22%).  The  EPR  had  the  lowest  levels  of  ac  and 
impulse  breakdown  after  aging. 


Results  of  12  Month  Test  Program  on  15  kV  Cable 


AC  Breakdown  (V/mll)  Impulse  (V/mll) 


lyfi£ 

UlL 

Initial 

End 

AJ241 

Initial 

End 

EPR* 

2 

575 

450 

-22 

1800 

800 

-56 

EPR 

5 

840 

480 

-43 

1770 

1000 

-44 

XLPE 

3 

1375 

850 

-38 

3350 

2100 

-37 

XLPE* 

1 

910 

600 

-34 

2900 

1600 

-45 

Source:  Katz^ 
*  No  j^et 


Data  on  the  effects  of  jackets  and  voltage  stress  have 
been  reported  by  Landinger.®  The  samples  were  wet 
aged  in  water-filled  insulated  3"  (76.2  mm)  PVC  conduit 
with  a  90°C  maximum  cycled  conductor  temperature. 
The  vol-tage  applied  was  52  kV  conductor  to  neutral. 
The  results  are  shown  in  Table  IV.  They  indicate  that 
the  use  of  a  polyethylene  jacket  increases  the  time  to 
failure.  The  data  also  indicate  that  reduced  electrical 
stress  increases  the  time  to  failure. 

In  summary,  the  data  of  Landinger  generally  indicate 
that  a  jacket  is  helping  to  retard  electrical  degradation, 
but,  in  comparison  with  the  data  of  Katz,  the  effect  may 
be  test  dependent.  In  both  tests  deterioration  is  taking 
place  with  a  jacketed  cable  indicating  that  a  jacket  is 
not  a  permanent  barrier  to  moisture  ingress. 

Table  IV 


Effect  of  Jacket  and  Voltage  Stress  on  35  kV  Cable 


Insulation 

Thickness 

(Inch) 

Jacket 

yzMu 

Time  to 
Failure  Dav* 

Failed  at 
lesllEndV 
(%) 

0.260 

NO 

200 

101 

100 

0.260 

YES 

200 

350 

83 

0.345 

NO 

150 

448 

79 

0.345 

YES 

150 

1090 

33 

Source;  Landinger® 

*  Time  at  whicti  50%  of  the  samples  tailed 


"  Test  terminated  at  1 ,031  days 

None  of  these  studies  has  taken  into  consideration  the 
effect  of  ions  in  the  soil  water.  Groeger^o  in  a  1991 
symposium  paper  demonstrated  that  ions  were  present 
in  field  aged  cable  as  shown  in  Table  V.  These  data 
indicate  that  ions  contained  in  the  soil  can  eventually 
find  their  way  into  the  insulation.  The  rate  at  which  they 
penetrate  is  dependent  on  the  type  of  cable 
construction.  Cables  aged  without  a  jacket  have 
significant  ionic  contamination  when  compared  to  the 
unaged  specimen.  Cables  with  jackets  have  less  ionic 
penetration.  The  cables  with  intact  metallic  moisture 
barrier,  in  this  case  a  lead  sheath,  appear  to  be 
immune  to  the  problem  of  ionic  contamination.  Groeger 
has  also  shown  that  the  rate  of  vented  water  tree 
growth  correlates  with  the  presence  of  ionic  impurities 
in  the  shielding  materials.”  He  concludes  “while  ions 
present  in  cable  materials  play  a  significant  role  in  the 
aging  of  cables,  the  ingress  of  ions  associated  with 
ground  water  dominates  the  system.  Polymeric  jackets 
afford  limited  long-term  protection  of  the  underlying 
cable  components.  Metallic  moisture  barriers 
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effectively  exclude  all  extraneous  ions,  as  long  as  they 
remain  intact.  Due  to  the  influence  of  external  ions, 
clean  cable  materials  alone,  in  the  absence  of 
adequate  moisture  protection,  will  not  assure  long 
cable  life.” 


Table  V 

Ion  Concentration  In  Cable  Insulation 
Showing  Effectiveness  of  Various  Jacketing  Materials 


Water-Soluble 

Ion  Concentration  iDom) 

Aging 

itflCket  Condition: 

None 

Intact 

Punctured 

PVC 

125 

850 

1300 

HOPE 

220 

1100 

1000 

None 

300 

1800 

N/A 

Lead 

240 

260 

2100 

Source:  Groeger^o 

Moisture  Barrier  Cabie  Designs 

This  background  now  brings  us  to  the  topic  of  moisture 
barrier  sheaths  and  the  theme  of  this  paper. 

There  are  four  principal  designs  for  moisture  barrier 
power  cable.  The  first  is  an  under-jacket  type  that  uses 
a  laminate  metallic  moisture  barrier  over  the  neutrals  of 
the  cable.  In  the  second  under-jacket  type,  the 
laminate  moisture  barrier  serves  both  as  an  electrical 
shield  and  moisture  barrier.  The  third  type  is  an  on- 
core  laminate  moisture  barrier  in  which  the  moisture 
barrier  is  a  thin  foil  applied  directly  to  the  surface  of  the 
insulated  conductor.  The  fourth  type  is  an  extruded  or 
seam-welded  metallic  sheath.  Each  of  these  designs 
will  be  described  in  more  detail. 

Under-Jacket  Laminate  Moisture  Barrier  With  Wire 
Neutral  There  are  two  variations  of  the  under-jacket 
moisture  barrier  cable  with  wire  neutral.  The  first 
variation  uses  a  relatively  thick  (0.10  -  0.20  mm,  0.004  - 
0.008  inch)  metallic  sheet  over  the  neutrals.  The 
second  variation  uses  a  relatively  thin  (0.5  mm  or  0.02 
inch)  foil  over  the  neutrals.  The  general  construction  is 
illustrated  in  Figure  2.  The  neutrals  are  retained  for 
shielding  and  grounding  purposes  and  are  chosen 
according  to  the  user's  perceived  short  circuit 
considerations. 


Figure  2 

Cable  Construction 


(1) 

Conductor 

(5) 

Copper  wire  shield 

(2) 

Conductor  shield 

(6) 

Binder  or  water  sweSable  tape 

(3) 

Insulation 

(7) 

Molslure  Barrier 

(4) 

Insulation  shield 

(8) 

Jacket 

In  both  variations,  a  plastic  coated  metallic  tape  (metal 
plastic  laminate)  is  longitudinally  formed  in  a  smooth 
configuration  over  the  neutrals.  The  tape  is  chosen 
such  that  its  coatings  are  adhesively  compatible  with 
jacket.  Laminates  are  available  which  are  compatible 
with  various  types  of  jackets  such  as  chlorinate 
polyethylene,  polyethylene,  zero-halogens,  and 
polyvinyl  chloride.12  jhe  coatings  are  bonded  to  the 
cable  jacket  during  the  jacket  extrusion  process.  The 
choice  of  wrap  over  the  neutrals  varies.  Semi¬ 
conducting  water  swellable  tapes  are  typically  used 
with  the  thicker  laminates  while  various  types  of  non¬ 
conducting  binder  tapes  are  used  with  the  foils. 

The  main  benefits  of  using  a  laminate  with  the  thicker 
metallic  sheet  are  greater  mechanical  strength  and 
assurance  of  a  pinhole-free  moisture  barrier.  Bonding 
the  thicker  laminate  to  the  cable  jacket  gives  the  cable 
improved  mechanical  properties  such  as  bend 
performance,  impact  or  crush  resistance,  and  improved 
side  wall  pressure  capabilities.  The  use  of  sheet  over 
0.1  mm  (0.004  mil)  insures  that  pinholes  and  defects 
from  the  metal  rolling  process  are  relatively  improbable 
and  provides  a  metallic  plastic  laminate  of  sufficient 
thickness  to  achieve  improved  mechanical 
performance.  The  use  of  water  swellable  tapes  over 
and/or  under  the  neutrals  allows  for  a  longitudinal 
water  block  at  the  moisture  barrier-neutral-core 
interface.i3  The  water  swellable  tape  can  also  serve  as 
a  cushion  layer  to  handle  thermal  expansion.  Typically 
a  hot  melt  adhesive  is  placed  in  the  overlap  to  insure  a 
sufficient  seal.  This  blocks  both  radial  and  longitudinal 
moisture  flow  through  the  overlap.  (Interestingly,  the 
concept  of  a  seated  overlap  as  a  moisture  barrier  was 
introduced  over  25  years  ago  at  this  very  symposium. 
It’s  gratifying  to  see  that  the  principles  of  peiiormance 
for  the  sealed  overlap  as  described  in  that  paper  are 
still  valid  today.)  Finally,  if  a  strand-filled  conductor  is 
used,  the  cable  can  be  described  as  moisture 
impervious.  A  strand-filled  or  solid  conductor  forms  a 
longitudinal  water  block  in  the  conductor  to  go  with  the 
radial  and  longitudinal  waterblocks  of  the  sheath. 

Most  often  a  lead  foil  laminate  is  used  with  the  second 
type  of  under-jacket  moisture  barrier.  Typically,  the 
lead  foil  is  50  microns  (0.002  inch)  thick.  It  is  reinforced 
with  a  plastic  layer  50  microns  (0.002  inch)  thick  and  an 
outer  adhesive  layer  50  microns  (0.002  inch)  thick. 
This  adhesive  layer  bonds  the  foil  to  the  jacket.  A  semi- 
conductive  binder  tape  is  wrapped  over  the  neutrals  to 
protect  the  moisture  barrier  from  damage.  This  binder 
tape  can  be  100  to  300  microns  (0.004  to  0.012  inch) 
thick.  The  lead  foil  laminate  has  some  ability  to  expand 
and  contract  with  the  core  allowing  the  cable  to  endure 
thermal  loading.  Lead  is  also  preferred  over  aluminum 
or  copper  foil  because  of  corrosion  resistance  and 
greater  ability  to  withstand  thermal  expansion. 

Under-Jacket  Laminate  Moisture  Barrier  Having 
Combination  Moisture  Barrier  and  Shield  There  are 
two  variations  of  the  under-jacket  design.  In  one 
design,  a  metal  plastic  laminate  is  used  as  the 
combination  shield  or  moisture  barrier.  Typically,  the 
laminate  is  a  plastic  coated  copper  sheet.’®  ’®  The 
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thickness  of  the  copper  component  of  the  laminate  can 
range  from  0.1 25  to  0.25  mm  (0.005  to  0.01 0  inch).  The 
metal  plastic  laminate  may  be  one  or  two  side  coated. 
The  one  side  coated  provides  a  bond  to  the  jacket  and 
the  bare  side  allows  electric  charge  transfer  from  the 
core.  Two  side  coated  laminates  may  require  semi¬ 
conducting  coating  to  contact  the  core  for  charge 
transfer.  Two  side  coated  products  with  semi¬ 
conducting  coatings  enhance  seam  sealing  and 
provide  additional  corrosion  protection  to  the  metallic 
component  of  the  laminate.^'' 

The  laminate  can  be  applied  smooth  or  corrugated. 
The  use  of  corrugated  laminates  is  on  the  increase  due 
to  a  number  of  factors.  First  the  mechanical  properties 
of  the  cable,  bend  performance  in  particular,  are 
significantly  improved  by  bonding  the  corrugated  shield 
to  the  jacket.  Second,  the  longitudinally  applied 
corrugated  shield  provides  electricai  and  mechanical 
improvements  over  helically-applied  copper-tape 
shields.  Third,  the  field  experience  in  power  cable  with 
the  corrugated  shield  has  exceeded  20  years.  This 
experience  has  been  excellent.  Fourth,  hot  melt 
adhesives  have  been  developed  which  allow  the 
overlap  to  effectively  be  sealed.  At  the  same  time, 
these  hot  melts  are  flexible  enough  to  allow  the  overlap 
to  give  during  thermal  loading  to  accommodate  some  of 
the  thermal  expansion  of  the  core. 

On-Core  Laminate  Moisture  Barrier  In  this  third  type  of 
construction,  a  plastic  metal  laminate  is  used  that 
consists  of  semi-conducting  adhesive  coatings  on  both 
sides  of  a  lead  foil.’®  The  coating  and  foil  are  0.05  mm 
(0.002  inch)  thick.  The  moisture  barrier  laminate  is 
placed  directly  over  and  sealed  to  the  semi-conducting 
insulation  screen  of  the  cable  core.  The  laminate  is 
designed  to  expand  and  contract  with  the  cable  core.  A 
semi-conducting  bedding  tape  is  then  wrapped  over 
the  moisture  barrier  in  order  to  protect  the  moisture 
barrier  from  the  potential  indenting  effect  of  the  neutral 
wires.  These  wires  form  the  next  layer  in  the  cable 
construction  and  are  placed  over  the  bedding  tape. 
Finally,  the  cable  is  jacketed  with  the  desired  type  of 
jacketing  material. 

The  principal  feature  of  the  on-core  design  is  that  by 
having  the  moisture  barrier  on  the  core,  direct  water 
contact  with  the  cable  core  is  prevented.  Water  may 
enter  the  neutral  wire  jacket  interface,  but  it  is  radially 
blocked  from  the  core  over  the  entire  length  of  the 
cable.  It's  noted  that  the  laminate  requires  special 
properties  in  order  to  expand  and  contract  with  the 
cable  core.  The  material  considerations  and  testing  of 
on-core  moisture  barriers  has  been  extensively 

covered. 

Metallic  Sheaths  The  fourth  type  of  moisture  barrier 
consists  of  a  longitudinally  formed  and  seam  welded 
corrugated  copper  or  aluminum  sheet.  Extruded  lead 
or  aluminum  sheaths  are  also  used.  These  sheath 
technologies  have  been  in  use  for  over  30  years  and 
are  quite  familiar  to  the  industry.21  The  metallic 
thickness  can  be  chosen  to  give  an  adequate  cross 
section  so  that  it  can  be  used  as  a  combination 


shield/moisture  barrier.  Alternatively,  a  layer  of 
concentric  wires  can  be  used  as  a  screen  beneath  the 
metallic  sheath.  The  sheaths  may  be  protected  on  their 
outer  side  by  a  jacket  or  oversheath  of  extruded 
polymer.  The  welded  sheath  is  finding  use  in  high 
voltage  applications  in  commercial  power  systems  and 
for  submarine  applications  such  as  lake  crossings.22 


Testing  and  Applications  of  Moisture  Barrier 
Cable 

In  this  section,  the  various  applications  of  moisture 
barrier  cable  will  be  discussed.  Appropriate  test  data 
as  developed  for  this  particular  design  will  be 
presented.  Finally,  any  available  field  data  that  has 
been  developed  for  the  design  will  be  presented. 

Lead  Sheathed  Cables  Lead  sheaths  are  one  of  the 
oldest  forms  of  protection  for  cables,  both  power  and 
telephone.  General  reader  familiarity  means  there  is 
little  need  to  discuss  lead  sheath  construction. 
Recently,  however,  Groeger  has  been  able  to 
document  the  degree  of  protection  which  lead  sheaths 
have  provided  to  synthetic  insulation  on  medium 
voltage  cable. 23  The  data  is  quite  informative,  both 
from  a  historical  point  of  view  (i.e.,  the  length  of  service 
history  covered  being  20  to  40  years)  and  from  the 
technical  point  of  view  where  the  effectiveness  of  a 
metallic  sheath  as  a  barrier  to  moisture  and  ions  can  be 
documented.  The  data  shown  in  Table  VI  were 
gathered  by  comparing  the  portion  of  a  field  aged  cable 
with  the  sheath  intact  to  the  area  where  the  sheath  had 
been  punctured,  thereby  exposing  the  core  to  water 
from  the  environment.  As  shown  in  Table  VI,  those 
locations  containing  a  puncture  were  found  to  contain 
many  vented  water  trees,  a  high  concentration  of  water- 
extractable  ions,  and  significantly  reduced  ac 
breakdown  strength.  The  locations  where  the  lead  was 
intact  were  found  to  contain  no  detectable  water  trees, 
low  levels  of  water  extractable  ions,  and  high  ac 
breakdown  strength.  These  cable  were  recovered  from 
a  urban  environment  where  the  cables  had  been 
installed  in  concrete  ducts.  Since  this  was  a  coastal 
location,  the  cables  were  frequently  submerged  in 
water  containing  salt.  Concurrent  work  has  shown  that 
the  ions  such  as  those  permeating  into  the  insulation 
from  the  ground  water  are  a  key  factor  in  tree  initiation 
and  growth.2425 

Table  VI 

Insulation  Characteristics  of  Learl-Sheathed 
HMWPE  Insulated  Cables,  Field-Aged  Twenty  Five  Years, 
Comparing  Protected  and  Non-Protected  Areas  of  the  Same  Cable 

Years  Avg.  AC 

of  Ion  Vented  Breakdown 


Service 

Condition 

Insulation 

gpncflntcatign 

(ppm) 

Tree 

(mm) 

Strength 

(kV/mm) 

25 

Intact 

HMWPE 

136 

0.0 

17.30 

25 

Punctured 

HMWPE 

1520 

1.12 

5.00 

25 

Intact 

Butyl  Rubber 

354 

0.0 

13.25 

25 

Punctured 

Butyl  Rubber 

2000 

1.50 

4.25 

Source:  Groooer^® 
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Plastic  Coated  Aluminum  or  Copper  as  Combination 
Shield  and  Moisture  Barrier  One  of  the  first 
installations  of  a  moisture  barrier  medium  voltage 
power  cable  design  started  in  1974  in  Sweden.26  A 
longitudinally  formed  copolymer  coated  aluminum  was 
applied  smooth  over  a  triple  extruded  cross-linked 
polyethylene  core.  The  single  side  coated  aluminum 
was  0.30  mm  (0.012  inch)  thick  and  bonded  to  a  cross- 
linked  polyethylene  jacket.  A  semi-conducting  crepe 
paper  tape  was  used  to  provide  a  thermal  expansion 
layer  between  the  aluminum  shield  and  the  cable  core. 
More  than  3000  km  of  the  cable  has  been  in  use  since 
1974  with  no  failures  attributed  to  water  treeing.  The 
development  of  this  construction  was  driven  by  the 
need  for  a  compact  and  low  cost  single  conductor 
medium  voltage  cable  for  underground  distribution. 

One  of  the  largest  applications  of  medium  voltage  cable 
with  a  plastic  coated  aluminum  moisture  barrier  began 
in  France  in  1978.27  The  description  of  the  cable, 
beginning  from  the  outside,  is  as  follows.  The  cable 
has  an  outer  jacket  or  oversheath  of  a  relatively  thick  (2 
mm  or  0.120  inch)  polyvinyl  chloride  jacket  to  facilitate 
direct  burial.  Radial  water  tightness  is  achieved  by  way 
of  an  aluminum  shield  0.10  mm  (0.004  inch)  thick  which 
is  longitudinally  folded  and  bonded  to  the  PVC 
oversheath.  The  sealing  of  the  overlap  is  facilitated 
with  a  hot  melt  adhesive.  Thermal  expansion  is 
handled  by  longitudinal  grooves  in  the  extruded  semi¬ 
conducting  insulation  screen.  The  grooves  compress 
during  thermal  loading  to  absorb  the  thermal  expansion 
of  the  core.  The  grooves  are  filled  with  a  swellable 
powder  which  expands  upon  contact  with  water  to 
block  the  longitudinal  flow  of  water  in  the  shield-core 
interface.  The  cable  meets  the  EDF  Standard  HN  37- 
S-23.  The  cable  technology  is  fully  developed  and 
includes  connectors  for  the  moisture  barrier, 
accessories,  joints,  and  installation  practices.  The 
connectors  do  not  require  the  jacket  to  be  stripped.  The 
connector  slips  between  the  core  and  sheath  into  the 
aluminum  shield.  The  connector  is  clamped  into  place. 

The  field  experience  with  this  design  has  been 
excellent.  At  the  end  of  1986  a  total  of  over  33,000  km 
of  this  cable,  as  a  three  phase  network,  has  been 
installed.  Figure  3  shows  the  lengths  of  the  cable 
installed  per  year  versus  the  failure  rate  per  100  km  of 
circuit/yr.  The  mean  national  fault  rate  for  all  causes 
and  all  cable  types  combined  has  steadily  decreased 
as  more  and  more  moisture  barrier  cable  has  been 
installed. 

A  laminate  sheath  with  0.5  mm  aluminum  to  replace 
lead  sheaths  in  high  voltage  (90  kV)  applications  has 
been  developed  by  EDF.28  The  cable  sheath  met  10 
kA  fault  current  requirements  for  0.5  -  2.5  seconds.  The 
reliability  of  the  sheath  was  proven  by  a  series  of  tests 
for  resistance  to  mechanical  impact,  abrasion  and 
tearing,  short  circuit,  corrosion,  and  moisture.  A  6000 
hour  test  was  used  to  analyze  thermo-mechanical 
behavior.  The  use  of  the  laminate  sheath  reduced  the 
weight  of  the  cable  versus  lead  by  factors  of  1 .7  to  2.7, 
depending  on  cable  diameter. 


Figure  3 

Use  of  Watertight  Cable  by  Electricite  De  France 


j  I  -  -  I  Installed  - •  Failure  Rate 


'  Lengths  ol  cable  installed  annually  (km  of  three  phase  network) 

^  Failure  rale  per  100  km  ol  circuit/year  (all  causes  and  cable  types  combined) 


Prototype  cables  using  plastic  coated  aluminum  (0.19 
mm  or  0.008  inch)  or  plastic  coated  copper  (0.15  mm  or 
0.006  inch)  as  moisture  barrier  were  tested  for  moisture 
permeability .29  The  tests  were  conducted  by  filling  18 
inch  (0.4  m)  samples  of  cable  with  water,  covering  both 
ends  with  aluminum  caps,  and  sealing  the  caps  with 
epoxy.  The  water  filled  cables  were  placed  in  an  oven 
at  40°C  and  weight  loss  was  measured  monthly  for  five 
months.  As  a  control,  a  hollow  polyethylene  tube  of  the 
same  dimensions  was  sealed  in  the  same  fashion  and 
subjected  to  the  same  conditions.  The  cable  with 
metaliic  barriers  exhibited  no  weight  ioss  while  the 
control  showed  substantial  weight  loss  indicating  high 
moisture  permeability.  The  results  are  shown  in  Table 
v:i.  The  study  concluded  that  “the  moisture  barrier 
metal  foil/polyolefin  laminates  protect  the  cable  against 
moisture  permeation  without  an  adverse  effect  on  the 
mechanical  properties  of  the  cable.’ 

Table  VII 


Moisture  Permeability  of  Extruded  Cables 


Moisture  Barrier 


Coating  Tvae 


Jacket  Type 


Moisture 

Permeability 

(g/5  months) 


Coated  Copper 
Coated  Aluminum 
Coated  Copper 
Coated  Aluminum 
None 


Insulating 
Insulating 
Semi-Conducting 
Semi -Conducting 
N/A 


Conductive 

Conductive 

Conductive 

Conductive 

Polyethylene 


0.0 

0.0 

0.0 

0.0 

14.5 


Souree;  EPRI^* 


The  Canadian  Electrical  Association  sponsored  a  study 
to  measure  the  effectiveness  of  moisture  barriers.^o 
The  cable  that  was  studied  had  a  plastic  coated 
aluminum  moisture  barrier  (aluminum  thickness  of  0.2 
mm  or  0.008  inch).  Samples  of  the  cable  with  the 
moisture  barrier  were  sealed  with  a  port.  Then  0.105 
g/m  of  a  water  solution  (0.2M  NaCI)  was  injected  into 
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Failure  Rate  per  100  km 


the  port.  The  control  cables  were  immersed  in  the 
same  solution  with  the  moisture  barrier  removed.  The 
cables  were  energized  to  26.3  kV  at  room  temperature 
for  one  year.  After  aging,  an  ac  breakdown  test  using  5 
minute  voltage  steps  was  conducted  and  water  tree 
counts  were  taken  of  the  insulation.  The  results  are 
given  in  Table  Vlll.  The  difference  in  the  ac  breakdown 
voltage  of  the  control  cables,  the  dry  cables,  and  the 
cables  that  were  injected  with  water  were  well  within 
the  90%  confidence  limits  of  the  data.  The  cable 
saturated  with  water  showed  a  significant  reduction  in 
ac  breakdown.  The  water  tree  data  indicated  that  the 
cable  saturated  with  water  had  both  streamer  trees  and 
bow-tie  trees.  The  study  concluded  that 
“metal/polyethylene  laminate  moisture  barriers  can  be 
very  effective  in  reducing  the  ingress  of  moisture  into 
the  cable  to  the  extent  that  water  treeing  is  not  a 
problem". 

Table  Vlll 

AC  Breakdown  Data  Summary  of  30  Dry-Cured 
XLPE  Cables  After  the  One  Year  Aging  Test 


Breakdown  Strenoth  (kVI 


Moisture 

Water 

Aging 

Barrier 

Content 

yaUgJfi 

(kV) 

Upper 

Average 

Lower 

Coated  Al 

0.105  g/m 

0 

225.9 

195.3 

170.2 

Coated  Al 

0.105  g/m 

26.3 

238.4 

214.4 

194.1 

Coated  Al 

As  Is 

26.3 

257.7 

225.7 

199.8 

None 

From:  CEA“ 

Saturated 

26.3 

102.6 

89.7 

79.3 

Plastic  Coated  Aluminum  or  Cooper  as  Moisture  Barrier 
Over  Cable  with  Wire  Screen  Metal  plastic  laminates 
have  been  introduced  to  protect  cables  with  metallic 
screens  from  the  radial  ingress  of  moisture. 3^  The 
screen  is  retained  to  allow  the  cable  users  to  meet  their 
perceived  needs  for  circuit  protection.  Typically  the 
application  of  the  laminated  tape  is  in  combination  with 
swellable  non-woven  water  blocking  tapes  over  and/or 
under  the  metallic  screen  to  protect  the  cable 
completely  from  radial  and  longitudinal  entry  of 
moisture. 

One  of  the  first  installations  of  220  kV  cable  with  a 
moisture  barrier  in  normal  power  network  service  took 
place  in  the  Federal  Republic  of  Germany  in  its 
Bergheinfeld  transformer  station  in  Bavaria.32  The 
cable  was  insulated  with  cross-linked  polyethylene.  It 
had  a  core  diameter  of  95  mm  (3.8  inches)  and  was 
fabricated  on  a  horizontal  machine  using  the  MDCV 
method.  A  conductive  paper  wrapping  was  placed  over 
the  extruded  semiconductive  screen.  This  in  turn  was 
covered  by  the  copper  wire  screen.  The  screen  zone 
incorporated  water  swellable  tapes  to  limit  the 
longitudinal  penetration  of  water  to  a  limited  area  in  the 
event  of  sheath  damage.  The  sheath  consisted  of  a 
polyethylene  jacket  laminated  with  coated  aluminum 
(0.2  mm  or  0.008  inch)  to  protect  the  insulation  from  the 
radial  ingress  of  moisture  through  the  intact  sheath. 
The  aluminum  was  applied  longitudinally  and  bonded 
to  the  jacket  and  sealed  at  the  overlap  to  provide  the 
radial  water-tightness.  Improved  mechanical  properties 
also  resulted  from  the  laminate  sheath  which  afforded 


additional  protection  against  external  mechanical 
impacts.  Similar  cable  designs  were  developed  for  the 
voltage  range  60-150  kV. 

Another  variation  of  the  design  for  64  and  76  kV  service 
uses  plastic  coated  copper.33  This  design  consists  of  a 
layer  of  flat  copper  straps  covered  by  swelling  tapes 
and  a  laminated  longitudinally  overlapped  copper  tape. 
A  semi-conductive  bedding  tape  provides  the 
mechanical  and  thermal  contact  between  cable  core 
and  sheath  while  allowing  for  different  rates  of  thermal 
expansion  for  the  materials.  A  high  density 
polyethylene  oversheath  is  used  for  the  outer 
protection.  A  64  kV  version  of  this  cable  has  been 
tested  for  2504  hours  with  a  10-hour-on/1 4-hour-off 
load  cycle  with  no  breakdown.  An  alternate  version 
uses  a  0.20  mm  coated  aluminum  as  the  moisture 
barrier  and  aluminum  strap  as  the  neutral. 

Medium  voltage  versions  of  the  underjacket  moisture 
barrier  with  wire  neutral  have  been  developed  and  are 
undergoing  trial  installations.  One  version  of  a  35  kV 
cable  was  subjected  to  extensive  testing.  It  used  a 
reduced  concentric  neutral  wire  screen  and  a  plastic 
coated  copper  (copper  thickness  0.125  mm  or  0.005 
inch)  as  the  moisture  barrier. 3^  Semi-conducting  water 
swellable  tapes  were  placed  over  and  under  the  wire 
screen.  The  copper  was  longitudinally  applied.  The 
overlap  was  sealed  with  a  hot  melt  adhesive.  The  outer 
protection  was  a  linear  low  density  polyethylene  jacket. 
This  cable  was  tested  for  thermal  loading,  water 
blocking,  and  mechanical  properties.  A  discussion  of 
these  results  follows. 

Table  IX 


Thermal  Loading  Test  Results  for  Moisture  Barrier  Cable 
With  0.125  mm  Copper  Laminate 


Max.  Cond. 

No.  of 

Dissipation 

Adhesion 

In  N/mm 

Test 

Temp,  (IC1 

Cycles 

Factor  (%1 

Oversheath* 

OverlBD* 

AEIC 

(in  conduit) 

130 

20 

<0.1 

<2.01  /2.Z2 

9.96  /  4.54 

lEC 
(in  air) 

90 

20 

<0  1 

<2  01  /2.45 

9.96 ;  4.47 

*  Initial  /  After  Test 


As  shown  in  Table  IX,  the  cable  withstood  20  thermal 
load  cycles  to  130  and  93°C  conductor  temperatures. 
No  mechanical  damage  was  found  at  either 
temperature.  Jacket  bond  and  overlap  seam  seal 
strengths  remained  intact  after  both  the  130  and  93°C 
load  cycling.  Dissipation  factor  measurements  were 
below  0.1%  indicating  good  electrical  contact  between 
the  copper  moisture  barrier  and  the  insulation  shield. 
The  water  blocking  tapes  effectively  stopped 
longitudinal  water  flow  at  16  inches  (406.4  mm)  from 
the  point  of  entry  while  being  cycled  to  93°C.  The  test 
indicated  that  water-swellable  tapes  can  act  both  as  a 
cushion  for  thermal  expansion  and  as  a  water  block  in 
the  longitudinal  direction. 

The  mechanical  properties  of  this  cable  were  examined 
using  a  sidewall  bearing  pressure  test,  the  results 
being  shown  in  Table  X.  Cable  samples  pulled  at 
sidewall  bearing  pressures  of  1600  (23.4  kN/m)  and 
2000  Ib/ft  (29.2  kN/m)  radius  did  not  suffer  damage. 
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Some  minor  wrinkling  was  observed  in  the  overlap  of 
the  shield  due  to  the  stretching  of  the  jacket  during  the 
pull,  but  the  jacket  bond  and  overlap  seam  seal  values 
remained  intact.  There  was  no  physical  damage  to  the 
cable  core.  The  data  indicate  that  a  bonded  sheath 
should  enhance  the  cable  installation  process. 

Table  X 


Side  Wall  Bearing  Pressure  (SWBP)  Test  Results  for  Cable 
with  0.125  mm  Copper  Laminate  Moisture  Barrier 


Adhesion 

In  N/mm 

SWBP 

(kN/m) 

Core 

Oversheath* 

Overlao* 

23,4 

No  Damage 

2.01  /  2.89 

9.86/10.47 

29.2 

No  Damage 

2.01  /  2.77 

9.86/8.93 

*  Inttial/ After  Test 


An  aluminum  alternate  version  of  this  cable  used  a 
aluminum  neutral  and  a  coated  aluminum  (0.19  mm  or 
0.0075  inch)  moisture  barrier. 35  Samples  of  this  cable 
were  tested  for  thermo-mechanical  properties  in  water 
filled  insulated  conduit  at  90°C  (194°F).  The  ac 
breakdown  strength  of  this  cable  and  a  control  cable, 
which  was  a  conventional  unjacketed  open  neutral 
design,  was  determined  periodically.  The  results  are 
shown  in  Figure  4.  Note  that  the  breakdown  strength  of 
the  conventional  design  fell  rapidly  in  the  first  120  days 
of  aging  to  about  600  V/mil,  and  then  more  gradually 
thereafter.  The  cable  with  the  moisture  barrier 
remained  constant  at  about  1000  V/mil. 

Figure  4 


Welded  and  Corrugated  Sheaths  The  use  of 
longitudinally  welded  and  corrugated  sheaths  for 
protection  of  cable  from  moisture  is  a  technology  with  a 
long  history.36  The  key  to  using  this  sheath  design  for 
higher  voltage  cables  has  awaited  developments  in  the 
materials  as  well  as  the  extrusion  and  vulcanization 
processes.37  With  the  introduction  of  the  horizontal 
MDCV  process,  triple  extrusion,  and  insulating 
materials  with  fewer  contaminates  and  smoother 
surfaces,  it  is  now  possible  to  use  welded  sheaths  for 
high  voltage  applications.  The  principal  advantages  of 
the  welded  sheath  are  inherent  water  tightness  and 
ability  to  be  sized  for  use  as  the  cable  screen. 
Extensive  type  and  long  term  tests  of  the  copper  sheath 
at  various  voltages  have  been  conducted.  The  test 
sequence  for  the  type  tests  consisted  of  3  reverse 
bends  around  a  25X  diameter  mandrel,  partial 
discharge,  dissipation  factor,  20  heating  cycles  with  a 


100°C  -  105°C  conductor  temperature,  repeat  of  partial 
discharge,  impulse  voltage,  and  power  frequency 
voltage  test.  The  long  term  test  consisted  of  thermal 
cycling  with  a  10-hour-on/1 4-hour-off  cycle  to  the  90°C 
rated  temperature.  The  results  of  the  long  term  test  is 
shown  in  Table  XI.  The  test  results  as  of  December 
1990  indicate  service  life  in  excess  of  40  years. 
Alternate  versions  using  welded  and  corrugated 
aluminum  are  also  commercial. 

Table  XI 

Summary  of  Long  Term  Test  Results  on  Polymer  Insulated  Cables 
With  Combination  Shleld/Molsture  Barrier 
of  Welded,  Corrugated  Copper 


Type  of  Cable 

Test 

Voltage 

(kV) 

Dielectric 

Stress 

(kV/mm) 

Service 

Hours 

Comment 

60  kV/500  mm2 

80 

9.7 

60686 

no 

breakdown 

110  kV/500  mm2 

140 

13.1 

44576 

no 

breakdown 

150  kV/500  mm2 

195 

15.2 

19368 

no 

breakdown 

230  kV/800  mm2 

195 

11.8 

5319 

no 

breakdown 

230  kV/800  mm2 

250 

15.1 

4050 

no 

breakdown 

Note;  Status  December  1990 

Lead  Laminate  Moisture  Barrier  Cable  Use  of  lead 
laminate  moisture  barriers  is  primarily  a  Japanese 
development.  The  prototype  for  the  currently  produced 
cables  was  first  made  in  1975.38  a  lead  foil  0.05  mm 
(0.002  inch)  is  used  as  the  moisture  barrier.  The  lead 
foil  is  used  because  laminating  polymer  layers  to  the 
foil  makes  it  possible  for  the  foil  laminate  to  expand  and 
contract  with  the  cable.  The  lead  forms  a  single  unit 
when  in  laminate  form  and  acquires  the  plastic 
properties  of  the  polymer  layers.  Both  underjacket  and 
on-core  versions  are  commercial.  The  underjacket 
design  was  specified  as  standard  by  Tokyo  Electric 
Power  Company  in  1984  for  66  kV  and  154  kV 
cables.39.40  Resistance  to  treeing  was  used  to  justify 
the  change.  The  data  shown  in  Figure  5  illustrates  the 
effectiveness  of  an  “on-core”  metallic  water  barrier  in 
reducing  tree  density  as  compared  to  a  jacketed  cable. 

Figure  5 


O  Conventional  Cable  Breakdown  Voltage 

-  Moisture  Barrier  Breakdown  Voltage 

— e —  Conventionaf  Cable  Tree  Density 
— .  Moisture  Barrier  Tree  Density 
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As  a  consequence  of  reduced  tree  density,  the 
breakdown  voltage  of  the  insulation  is  maintained  at  a 
level  consistent  with  its  original  value.  These  data  were 
gathered  by  immersing  cables  jacketed  with  a  PVC 
jacket  with  and  without  a  metallic  moisture  barrier  in 
water  at  70°C  (158°F)  with  15  kV  applied.  The  data 
aptly  illustrate  a  cause  and  effect  relationship  between 
tree  growth  and  a  major  reduction  in  cable  breakdown 
strength. 

The  on-core  type  has  been  used  in  the  United  States 
for  15  kV  and  35  kV  for  underground  residential 
distribution  service.  Over  4000  km  (2500  miles)  has 
been  installed  by  a  large  east  coast  utility.  Much  of  this 
cable  is  1000  mcm  (507.0  mm^)  aluminum,  35  kV  with 
XLPE  insulation.  Recently,  a  test  program  was  initiated 
to  check  the  condition  and  performance  of  this  cable 
after  seven  years  of  service.^’  Cable  manufactured 
near  the  start  of  the  program  was  obtained  and  its  ac 
breakdown  and  lighting  impulse  breakdown  strength 
was  compared  to  field  aged  samples  and  newly 
manufactured  cable  samples.  The  data  shown  in  Table 
XII  indicate  that  there  was  no  significant  deterioration  of 
the  cable  electrical  properties  after  seven  years  of 
service.  A  thorough,  microscopic  wafer  examination  of 
the  field  samples  showed  no  electrochemical  treeing. 

Table  XII 


Lightning  Impuise  Breakdown  Values 


Sarppig  -Type 

Averaoe 

kV/mm  (V/mil) 

New 

115 

(2921) 

Unaged 

145 

(3683) 

Field-Aged 

135 

(3429) 

Standardization  Activities  for  Moisture 
Impervious  Cable 

IFO  Antivitie.s  lEC  840  -  “T ests  for  Power  Cables  with 
Extruded  Insulation  for  Rated  Voltages  Above  30  kV  Up 
to  50  kV”  was  published  in  1988.  At  that  time,  the 
“water  penetration  test"  (paragraph  5.6.16)  was  under 
consideration.  An  lEC  working  group  was  busy 
defining  this  test.  A  draft  document,  20A(CO)99,  under 
the  six  months  rule,  was  later  published  as  a  secretariat 
document  under  20A(Secretariat)164.  This  document 
describes  a  water  penetration  test  for  those  cables 
where  barriers  to  longitudinal  penetration  have  been 
included.  The  test  is  applicable  to  barriers  applied  over 
the  core  and  within  the  conductor.  The  water 
penetration  test  is  applied  after  a  length  of  cable  has 
been  subjected  to  the  bending  test.  A  50  mm  wide  ring 
is  removed  from  the  center  of  the  length  including 
layers  external  to  the  insulation  screen  or,  alter¬ 
natively,  the  conductor.  A  tube  at  least  10  mm  in 
diameter  is  placed  vertically  over  the  exposed  ring  and 
sealed  to  the  surface  of  the  oversheath.  Normally  tap 
water  is  used  to  fill  the  tube.  A  period  of  five  minutes  is 
allowed  for  filling.  The  height  of  the  water  in  the  tube  is 
1 000  mm  above  the  center  of  the  cable.  The  water  is 


allowed  to  stand  for  24  hours.  The  sample  is  then 
subjected  to  10  heating  cycles.  The  conductor  is 
heated  until  it  reaches  a  temperature  not  less  than  5°C 
or  more  than  15°C  above  the  maximum  rated 
temperature  of  the  insulation  in  normal  operation.  The 
heating  cycle  is  8  hours  on  and  16  hours  off. 

A  working  group  of  CIGRE  Study  Committee  21  has 
prepared  recommendations  on  tests  for  high  voltage 
cables  with  synthetic  insulation  and  laminated 
protective  coverings  as  moisture  barriers.^2  These  tests 
will  supplement  those  of  lEC  840,  First  Edition,  1988. 
The  recommendations  were  published  in  the  Electra 
journal  in  1992.  The  test  sequence  is  shown  in  Table 
XIII. 

Table  XIII 

CIGRE  Recommended  Test  Procedure  for  High  Voltage  Cable 

(1)  Bending  Test 


Thermal 

Longitudinal 

Impact 

Cycle 

Water 

Test 

Test 

Penetration 

1 

Test 

1 

Comosion 

Test 

(2)  Short  Circuit  Test 

(3)  Sidewall  Pressure  Test 


Conosion  Test 

IEEE  /ICC  Task  Group  6-23  Activities  ICC  Task  Group 
6-23  has  undertaken,  and  is  nearing  completion,  the 
preparation  of  an  IEEE  standard  entitled  “Guide  on  the 
Design,  Testing,  and  Application  of  Moisture 
Impervious,  Solid  Dielectric,  5  -  35  kV  Power  Cable 
Using  Metal/Plastic  Laminates".'*^  The  task  group  is 
composed  of  representatives  from  utilities,  industries, 
cable  manufacturers,  distributors,  and  materia! 
suppliers.  As  presently  constituted,  the  guide  includes 
sections  on  moisture  barrier  cable  designs, 
metal/plastic  laminates  used  for  moisture  barriers, 
cable  performance  and  testing  criteria,  and  installation 
guidelines.  Also  included  is  a  complete  bibliography  of 
technical  papers,  patents,  and  specifications  applicable 
to  cables  designed  to  preclude  the  effects  of  moisture. 

Conclusions 

There  is  overwhelming  evidence  that  the  use  of 
moisture  barriers  on  medium  and  high  voltage  power 
cables  will  solve  the  problem  of  water  treeing.  Alter¬ 
nately,  however,  the  data  is  mixed  on  the  effectiveness 
of  a  cable  jacket  or  oversheath  as  a  barrier  to  moisture. 
Penetration  of  ionic  species  from  the  soil  through  the 
jacket  and  into  the  insulation  has  been  documented. 
Ionic  contamination  of  the  insulation  has  been  shown  to 
be  a  factor  in  water  tree  initiation  and  accelerated  tree 
growth.  Moisture  barriers  have  been  shown  to  be  effec¬ 
tive  in  keeping  ions  from  the  soil  water  from  penetrating 
into  the  insulation. 
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There  are  many  choices  for  a  moisture  barrier. 
Traditional  lead  sheaths  or  welded  or  extruded  metallic 
sheaths  have  been  shown  to  be  effective  moisture 
barriers.  The  evolving  technologies  are  taking 
advantage  of  metal  plastic  laminates.  Several  different 
designs  have  been  commercialized  using  laminates.  A 
laminated  metallic  foil  may  be  bonded  to  the 
oversheath.  The  foil  is  relatively  thin  (0.05  mm  or  0.002 
inch)  and  serves  strictly  as  a  moisture  barrier.  A 
relatively  thicker  plastic  coated  metallic  sheet  (0.125  to 
0.25  mm)  can  also  be  bonded  to  the  oversheath.  In  this 
case,  the  sheet  can  be  used  as  the  electric  screen,  can 
supplement  the  screen,  or  act  simply  as  a  moisture 
barrier.  In  any  case,  the  cable  receives  mechanical 
reinforcement  by  bonding.  Finally  a  laminated  metallic 
foil  can  be  applied  over  the  insulation  screen.  In  this 
case,  the  foil  expands  and  contracts  with  the  cable 
core.  It  serves  strictly  as  a  moisture  barrier. 

Material  technologies  for  the  metal  plastic  laminates 
have  advanced  as  well  as  technologies  for  sealing  the 
overlapped  laminates  with  hot  melt  adhesives.  Semi¬ 
conducting  coatings,  coatings  compatible  with  PVC 
jackets,  and  copper  laminates  have  been  developed. 
Non-woven  water  swellable  tapes  have  been 
commercialized  which  allow  the  sheath  interfaces  to  be 
blocked  to  the  longitudinal  flow  of  water.  They  may 
also  act  as  cushion  layers  to  accommodate  thermal 
loading.  As  a  consequence,  moisture  impervious  cable 
designs  with  both  radial  and  longitudinal  water  blocks 
have  emerged. 

Standardization  activities  for  moisture  blocked  cable 
are  proceeding  in  lEC,  CIGRE,  and  the  Insulated 
Conductors  Committee  (ICC)  of  the  IEEE.  These 
activities  are  fostering  growing  use  of  moisture  barrier 
cables. 
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ABSTRACT 


This  paper  presents  the  analysis  on  the  lain  cause  of 
insulation  failures  in  2Z.9&  XLPE  insulated  cables  in 
Korea  based  on  the  laboratory  experinents  and  statistic 
survey  on  the  field  failed  cables  from  1385  to  1989.  It 
has  been  analysed  that  the  Ueibull  distribution  of  failed 
cables  in  the  field  is  very  close  to  that  of  laboratory 
aged  cables  in  the  presence  of  water,  and  the  expected 
life  with  63.2Z  probability  is  6.16  years  for  field  failed 
cables  and  5.6  years  for  laboratory  aged  cables  in  the 
presence  of  water.  Also,  bow-tie  trees  and  vented  trees 
have  been  observed  in  both  the  laboratory  aged  cables  and 
the  field  aged  cables.  Fnn  these  facts,  it  has  been 
concluded  that  field  failures  are  caused  aainly  by  the 
water. 


1 .  INTRODUCTION 


In  Korea,  XLPE  insulated  seni-conductive  tape 
shielded  cables  (CV)  and  22.9kV  XLPE  insulated  concentric 
neutral  wire  shielded  cables  (QCV)  have  been  installed 
froa  1973  in  the  ungrounded  systeas,  and  fnm  1978  in  the 
aulti-grounded  systeas,  respectively. 

With  this  short  tiae  of  service  of  XLPE  insulated 
cables  in  the  distribution  systeas,  the  insulation  failure 
rates  began  to  increase  very  sharply  froa  1985.  Also,  it 
was  suspected  that  the  failures  aight  be  caused  aainly  by 
the  water  penetratim  into  the  cables. 

In  this  comection,  laboratory  aging  experiaents  on 
the  new  cables  and  the  field  aged  cables  have  been  carried 
out  to  figure  out  the  aain  cause  of  field  failures  by 
coaparing  the  aging  characteristics  of  laboratory  aged 
cables  with  that  of  field  failed  cables.  The  sliced 
saaples  reaoved  froa  the  failed  cables  were  observed 
through  a  microscope  to  figure  out  the  failure  aechanisa. 
Also,  tan6  and  DC  leakage  current  have  been  measured  for 
the  laboratory  test  saaples  to  investigate  the 
correlationship  of  those  measurements  to  the  cable 
deterioration. 

Based  on  the  above  tests  perforaed  with  the  laboratory 
aged  cables  and  failed  cables  in  the  field,  it  is  pointed 
out  that  the  failure  of  cables  takes  place  most  likely 


under  the  presence  of  water.  Therefore,  as  a  aeans  to 
reduce  the  cable  failures  in  Korea,  it  could  be  suggested 
to  develop  the  watertight  XLPE  insulated  cables  for  which 
it  is  predoainantly  necessary  to  introduce  a  long  term 
accelerated  test  to  exaaine  the  water  penetration  along 
the  power  cable  conductor  and  to  provide  related 
appropriated  specifications. 

2.  LABORATORY  AGING  TEST  AND 
THE  RESULTS 


22.9kV.  325Bn2  QiCV  cables  were  used  for  the 
laboratory  accelerated  aging  test  in  this  study.  The 
length  of  samples  was  20  meters.  The  tests  have  been 
carried  out  for  the  samples  with  and  without  introducing 
the  water  in  the  conductor  and  on  the  outer  semiconductor 
layer.  Cables  in  the  presence  of  water  have  been 
preconditioned  with  water  for  10  days  without  loading.  The 
prepared  test  saiqiles  are  shown  in  Table  1. 


Table  1.  Test  sables 


Sample  No. 

States 

No.l  -  No.2 

Dried 

New  Cables 

No.3  -  No.6 

Betted 

New  Cables 

No.7 

Betted 

Field  aged  for  7.5  years 

No.8 

Betted 

Field  aged  for  6  years 

The  test  facility  shown  in  Fig.l  for  this  work  was 
cc^xised  of  a  voltage  siqiplier,  current  supplier,  a  data 
acquisition  system,  and  a  control  system.The  basic  flow  of 
the  aging  test  is  shown  in  Fig.2.  The  cratroller  was 
programmed  to  keep  the  voltage  constant  45ky,  and  to 
adgust  the  current  to  maintain  the  cable  toperature  as 
90X:.  The  controller  turned  on  the  loading  current 
transformers  for  8  hours  and  turned  off  those  for  16  tours 
during  a  day  of  test  period.  Loading  current 
corresponding  to  the  values  to  keep  the  conductor 
temperature  constant  90X1  has  been  calculated  and  applied 
to  the  cables  every  five  minutes  by  the  lEC  237  method 
based  on  the  ambient  and  surface  temperature 
measurementslll.  Tan6  and  DC  leakage  current  were  measured 
to  investigate  the  applicability  of  these  yeasuremants  to 
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the  diagoosis  of  cable  failures  during  aging  test  period. 


Table  2.  Test  results 


Fig  Z.  Basic  flow  of  testing  process 


Table  2  shoos  the  test  results.  Dried  cables  ND.l  and 
N0.2  Here  not  failed  despite  of  very  long  period  of  test 
corresponding  over  40  years  equivalent  life.  Bouever.  all 
the  cables  in  the  presence  of  water  were  failed  in  a  short 
period  of  tiae.  Fra  this,  it  oas  cmcluded  that  water 
penetration  to  the  cables  degraded  the  cables  very 
quickly. 

Fra  the  equivalent  life  in  Table  2.  a  Heibull 
distribution  as  shown  in  Fig.3  is  obtained  for  the 
laboratory  aged  cables.  In  this  figure,  shape  coefficient 
■  and  the  eipected  life  with  63.2Z  breakdown  probability 
are  known  to  be  1.2  and  5.6  years,  respectively. 
Considering  the  liniaua  expected  life  of  cables  as  30 
years,  water  in  the  cables  decreases  the  cable  life 
considerably. 

Fig.4  and  Fig.5  show  the  results  of  tan6  and  DC 
leakage  current  aeasureaents,  respectively  for  the  test 
sables  NO.l,  N0.6,  and  NO. 8.  Fra  these  figures,  it  is 
shown  that  any  significant  changes  in  the  aeasureaents  can 
not  be  found  in  the  dried  saaples.  Also,  DC  leakage 


samples 

Loading  Tiae 
(days) 

Final 

state 

Equivalent  life  * 
(years) 

1 

60 

Not  Failed 

Over  40 

2 

145 

Not  Failed 

Over  40 

3 

14 

Failed 

1.5 

4 

15 

Failed 

1.6 

5 

18 

Failed 

2.0 

6 

42 

Failed 

4.6 

7 

0.5  hours 

Failed 

7.5  ” 

8 

43 

Failed 

l0.7  •• 

*  Calculated  by  assuming  that  V-t^^const,  n=3  (51 
**  Service  years  are  added  in  the  calculation 
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Fig  3.  Heibull  distribution  for  laboratory  cables! 1) 
and  field  failed  cables(2) 


current  did  not  show  any  significant  variations  even  for 
the  cable  saaples  with  introduced  water.  Therefore,  it  is 
very  doubtful  that  DC  leakage  current  aeasureaents  could 
be  applied  in  the  failure  aonitoring.  However,  the  tan6 
aeasureaents  showed  significant  changes  for  the  wetted 
cables.  Table  3  shows  the  initial  and  final  values  of  tanS 
for  the  cable  samples  N0.6  and  N0.8.  Fra  Table  3,  it  aay 
be  very  cautiously  concluded  that  tanfi  value  of  O.IZ  is  a 
critical  value  for  the  noraal  cable  operation. 


Table  3.  The  initial  and  final  values  of 
tanS  aeasured  at  13.2ld! 


Sa^ile  No.6  (Z) 

Sample  No.8  (Z) 

initial  value 

0.025 

0.012 

Final  value 

0.12377 

0.10751 
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leakage  current(nA) 


(1)  Sanple  No.l,  dried,  neaaured  at  AC  45kV 

(2)  Sample  No. 6.  vetted,  measured  at  AC  13.21d^ 

(3)  Sample  No. 8,  vetted,  measured  at  AC  13.2kV 


Fig  4.  land  measuring  results 


(1)  Sample  No.2.  dried,  measured  at  DC  20ky 

(2)  Sample  No. 6.  vetted,  measured  at  K  20ky 

(3)  Sample  No. 8,  vetted,  measured  at  DC  201d^ 

Fig  5.  DC  leakage  current  measuring  results 


3-  MICROSCOPIC  OBSERVATION 


To  understnd  the  failure  mechanism,  a  microscopic 
observation  has  be«i  carried  out  using  the  laboratory  aged 


cable  sallies  No. 4  -  No.8.  Ten  pieces  of  sliced  samples 
of  0.4ini  thickness  for  each  failed  cable  vere  made  by 
microtoming  the  XLPE  insulation  in  the  left-hand  and 
right-hand  sides  of  position  separated  fna  the  breakdovn 
spot  by  5  cm.  Table  4  shovs  the  observation  results  of 
trees  produced  in  the  laboratory  failed  cables. 
Representative  vater  trees  observed  through  a  microscope 
are  shovn  in  Fig.6. 


Table  4.  Trees  produced  in  the  failed  cables 


Cable 

S^le 

Bov-tie  Tree  (Ea) 

Vented  tree 

Equivalent 
life  ( 

200 

m 

300 

m 

400 

m 

500 

im 

1000 

w 

1300 

m 

Haximum 

length(nn) 

4 

1 

1 

IW 

1.6 

5 

1 

1 

75 

2.0 

6 

3 

3 

1 

80 

4.6 

7 

3 

1 

1 

70 

7.5 

8 

4 

1 

1 

1 

160 

10.7 

(b) 


Fig.6  Observed  vater  trees  in  the  laboratory  aged 
cable.  Ho  8 

a)  Bov-tie  tree,  b)  Vented  tree 
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Considering  that  the  cable  saiiple  No. 7  was  failed 
right  after  the  voltage  application,  water  trees  in  No. 7 
sample  are  thought  to  be  produced  during  the  field 
service.  Also,  water  trees  in  No. 8  sample  are  considered 
to  be  produced  during  the  field  service  cons Bering  that 
the  tree  length  of  No. 8  is  much  longer  than  that  of  No. 6 
despite  of  similar  loading  time. 

Maximum  tree  length  in  the  failed  cables  is  shown  in 
Fig. 7,  where  any  distinct  correlationship  between  the  tree 
length  and  the  equivalent  service  years  can  not  be 
deduced. 


Fig.  7  Maximum  tree  length  in  the  failed  cables 


Through  the  microscopic  observation,  it  was  known  that 
87Z  of  bow-tie  trees  were  caused  by  the  contaminants  in 
the  insulation.  From  this,  it  could  be  assumed  that  the 
bow-tie  trees  were  formed  near  contaminants  in  the 
insulation  under  the  penetration  of  water  into  the  cable. 
And  they  grow  as  the  service  time,  and  eventually 
breakdown  the  cable.  The  maximum  size  of  the  observed 
contaminants  was  30/a,  which  is  smaller  than  the 
specified.  Therefore,  it  is  considered  that  any 
countermeasures  to  protect  the  cable  fom  the  water 
penetration  is  the  better  solution  to  prevent  cable 
failures  than  the  control  of  contaminants. 


4.  STATISTIC  SURVEY 


Failure  reports  of  cables  installed  in  the 
distribution  system  in  Korea  from  1985  to  1989  were 
investigated  to  examine  the  failure  statistics.  The  cables 
have  been  under  operation  in  our  underground  distribution 
system  during  up  to  14  years  before  being  failed.  Total 
number  of  failures  from  tbe  reports  was  43  as  shown  in 
Table  5. 

From  the  table,  it  was  shown  that  the  longest  life  of 
failed  cables  was  14  years.  Considering  30  years  of  cable 
life,  it  was  thought  that  there  might  be  a  factor  to 
reduce  the  cable  life  in  the  field.  Fig.l  shows  the 
tfeibull  distribution  for  the  field  failed  cables.  From 
this  distribution,  the  shape  coefficient  m  and  the 
expected  life  with  63.2Z  breakdown  probability  were  shown 
to  be  1.22  and  6.16  years,  respectively.  Ibis  result  and 
that  for  the  laboratory  aged  cables  are  tabulated  in  Table 
6. 


Table  6.  Heibull  distribution  of  field  and 
laboratory  failed  cables 


Field  failed 
cable 

Laboratory  failed 
cable 

Shape  coefficient 

1.22 

1.02 

Expected  life 

6.16  years 

5.6  years 

Table  6  shows  that  the  shape  coefficient  and  tte 
expected  life  of  field  cables  are  very  close  to  those  of 
laboratory  aged  cables.  Also,  a  microscopic  observation 
have  shown  that  water  trees  play  the  main  role  to 
breakdown  the  cables.  Therefore,  it  may  be  concluded  that 
the  main  cause  of  cable  failures  is  the  water  penetration 
to  the  cables. 

5 .  CONCLUSIONS  AND 
CONTRIBUTIONS 


The  conclusions  and  contributions  of  the  study  are 
stomarised  as  follows  : 

1)  For  the  dried  samples,  there  were  not  any 
insulation  breakdowns  and  any  changes  in  the  tanS 


Table  5.  Service  years  of  field  failed  cables 


Service  years 

II 

B 

E 

E 

E 

E 

E 

E 

E 

E 

E 

E 

E 

E 

E 

not  known 

total 

No.  of  failures 

E 

E 

B 

E 

E 

E 

B 

B 

E 

B 

B 

E 

E 

E 

E 

3 

43 
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2)  All  tbe  cables  vitb  water  were  failed  in  a  short 
period  of  test  tine,  and  tan6  neasureaents  changed 
significantly.  O.IZ  value  of  tan6  was  shown  to  be 
critical  in  the  cable  operation.  However,  the  DC 
leakage  current  did  not  show  any  significant 
changes. 

3)  A  microscopic  observation  have  shown  that  water 
trees  play  the  nain  role  to  breakdown  the  cables. 

4}  Based  on  the  laboratory  aging  test  results  and  the 
failure  rate  of  field-serviced  cables,  it  has  been 
concluded  that  the  main  cause  of  cable  failures  in 
Korea  is  the  water  penetration  to  the  cables. 
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ABSTRACT 

This  paper  illustrates  the  fundamental  properties  of  silica 
fibers  which  control  their  general  mechanical  behavior,  and 
then  addresses  some  specific  issues  of  immediate  concern. 

INTRODUCTION 

An  enormous  amount  of  work  has  been  done  on  the  fracture 
of  silica  and  silicate  glasses  in  the  past,  and  a  great  deal  of 
understanding  exists.  However  the  emergence  of  silica  light- 
guides  in  the  last  decade  has  led  to  the  development  of  fibers 
of  much  higher  quality  than  had  been  available  previously  as 
a  result  of  concentrated  research  and  development.  Although 
new  understanding  has  been  achieved,  some  new  problems 
have  arisen  because  of  very  stringent  mechanical  require¬ 
ments. 

BRITTLE  FRACTURE 

Silicate  glasses,  and  in  particular  silica,  ate  perfectly  elastic 
and  perfectly  brittle  in  tension  at  room  temperature.  A 
strength  distribution^^^  for  the  long  lengths  of  fiber  necessary 
for  lightwave  use  is  shown  in  Fig.  1  to  illustrate  the  quality  of 
fiber  which  is  now  produced,  and  the  practical  problems 
which  ate  encountered  in  their  application.  This  Fig.  shows 
the  cumulative  failure  probability  when  fibers  ate  tested  in  20 
m  lengths.  The  vast  majority  (-  95%)  of  these  fibers  will  fail 
at  a  tensile  load  of  -  17  pounds,  or  for  125  nm  diameter 
lightguide  fibers,  at  a  stress  of  -  750  ksi  (-  5.25  GPa)  when 
tested  to  failure  in  10-20  seconds.  It  has  been  shown  that  the 
steep  slope  of  the  high  strength  region  of  this  plot  (slope 
m  -  100)  results  firom  the  fact  that  no  flaws  are  present  in 
these  fibers  (or  more  correctly  on  the  surface  of  these  fibers) 
and  thus  there  is  a  strength;  i.e.,  the  strength  is  single-valued 
and  the  fibers  are  most  likely  flaw-ftee.^*^  Five  percent  of  the 
fibers  however,  have  both  lower  strengths  and  a  much  broader 

12 

distribution  of  strengths  (the  slope  m  -  5,  where  m - and 

V  is  the  coefficient  of  variation  -  0.25).  These  fibers  fail 
because  of  the  presence  of  a  wide  variety  of  types  and  sizes  of 
extrinsic  manufacturing  flaws.  The  flaws  can  be  character¬ 
ized  by  their  length,  c,  and  since  at  propagation  they  ate 
likely  to  be  “half-penny ’’-like,  by  Y  -  'fn: 


where  a  is  the  strength,  and  is  a  material  constant,  the 
fracture  toughness  (~  0.8  MPa  m'^  for  silica).  A  given  length 
of  fiber  will  fail  according  to  equation  1  at  the  largest  flaw 
along  its  length.  Since  mote  flaws  and  larger  flaws  ate  likely 
to  be  found  in  longer  lengths,  longer  fibers  will  be  weaker 
according  to  an  equation  of  the  type:^^^ 


Oi  1  ^2 

In  —  =  —  In  - — 

02  ^  ^  ] 


where  Oj  is  the  strength  of  length  Lj,  02  is  the  strength  of 
L2,  at  some  probability  F,  and  m  is  the  slope  as  described 
above.  Equation  1  holds  for  “sharp”  flaws.  In  some  cases  a 
flaw  may  be  blunt,  or  become  blunt  and  its  strength  is  then 
characterized  by; 


o 


Oj 

1  +  2(c/p)’^ 


(3) 


where  Oj  is  the  stress  at  the  tip  of  the  crack  of  radius  p.  Thus 
for  a  given  crack  length,  greater  bluntness  leads  to  higher 
strength. 

As  seen  in  Fig.  1  the  distribution  of  strength  for  reasonably 
long  gage  lengths  is  bimodal.  At  strengths  below  about  150 
ksi  (1  GPa),  examination  of  the  fracture  surface  can  give 
valuable  information  about  the  fracture  process  itself.  In  par¬ 
ticular,  it  is  often  possible  to  get  detailed  information  about 
the  origin  of  the  fracture.  Mecholsky  et  al^'*^  made  early 
investigations  of  such  fractography,  and  it  is  quite  clear  that 
at  such  low  strength  levels,  cracks  i.e.,  sharp  flaws  are  respon¬ 
sible  for  failure  and  therefore  eqn  1  will  be  obeyed.  Figure  2 
shows  a  typical  fracture  surface  for  a  low  strength  failure.^^^ 
The  crack  seen  in  the  photo  was  produced  by  the  stress  gen¬ 
erated  as  a  result  of  the  reaction  of  the  foreign  particle  (Zt02) 
and  the  silica  surface.  When  the  crack  is  clearly  seen  and 
measurable  it  can  be  used  to  calculate  the  failure  stress 
according  to  eqn.  1 .  If  the  crack  is  not  measurable,  the  size  of 
the  smooth  mirror-like  region  (for  silica  the  mirror  radius 
-  10  c)  can  be  used  to  estimate  the  failure  stress  (eqn.  I). 
On  the  other  hand  fibers  in  the  high  strength  mode  are  flaw- 
fiee  and  the  failure  mode  in  this  case  is  less  clear.  The 
response  of  these  two  types  of  fibers  to  stress  and  time  may 
thus  be  somewhat  different. 
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INFLUENCE  OF  TIME  ON  STRENGTH 


OUTSTANDING  PROBLEMS 


In  vacuum/*^  or  has  recently  been  shown,  in  ambient  if  pro¬ 
tected  by  a  metal  coating,^^^  failure  of  a  silica  fiber  will  occur 
by  breakage  of  Si-O-Si  bonds.  Under  ordinary  conditions 
however,  fibers  are  covered  by  polymers  which  are  permeable 
to  water.  Normally  then,  it  should  be  assumed  that  the  sur¬ 
face  of  tlie  glass  fiber  is  in  equilibrium  with  the  water  in  the 
ambient.  Because  of  this,  lightguide  fibers  undergo  delayed 
failure  or  fatigue  as  shown  in  Fig.  3.^*^  Although  the  details 
of  fatigue  are  not  understood,  it  is  generally  assumed  that  it  is 
the  result  of  stress  assisted  corrosion  by  water  eg. 

Si-O-Si  +  H2O  =  SiOHHOSi  . 

For  low  strength  fibers  if  the  applied  stress  is  less  than  that 
required  by  eqn  1,  immediate  failure  will  not  occur.  With  the 
help  of  the  above  stress-assisted  corrosion  however,  a  crack 
may  grow  so  that  the  eqn  is  satisfied  at  a  later  time  and  failure 
ie  delayed  failure,  or  fatigue  will  occur.  In  the  absence  of 
“real”  flaws,  however,  the  mechanism  is  less  clear. 

Although  it  is  generally  agreed  that  an  exponential  depen¬ 
dence  of  strength  on  time  is  expected  from  basic  principles, 
most  prediction  are  made  on  the  basis  of  a  power  function 
extrapolation  because  of  mathematical  convenience.  This 
simplification  not  only  leads  to  quantitative  errors,  but  possi¬ 
bly  also  qualitative  errors.  Figure  4  shows  the  differences 
which  occur  in  both  short  and  long  time  extrapolations. 
Although  a  choice  cannot  be  made  between  power  function 
and  exponential  models  on  the  basis  of  measurements  made 
over  normal  experimental  times,  Bubel  and  Matthewson^®^ 
have  shown  the  consequences  of  the  assumption  of  four  dif¬ 
ferent  lifetime  expressions. 

Because  very  long  lifetimes  (-  25  yrs)  are  required  of  light- 
guide  fibers,  it  has  been  normal  practice  to  study  such  fibers 
under  accelerated  conditions  -  eg  at  T  ~  60  -90'’C  in  liquid 
water  or  high  relative  humidity.  Under  these  circumstances  a 
deviation  from  linearity  on  both  log-log  (power  function)  and 
semi-log  plots  (exponential)  of  stress  and  time  is  often 
seen.^^°'  France  et  and  Kiause^'^^  first  showed  that  this 
“knee”  in  the  fatigue  curve  could  also  been  seen  in  aging 
(Fig.  5).U0,i3)  aging  experiments  the  fiber  is  held  under 
the  desired  conditions  with  no  applied  stress.  After  the 
desired  aging  time  has  elapsed,  ideally  the  inert  strength  is 
measured,  but  more  normally,  the  fast  fracture  strength  of  the 
aged  sample  is  measured.  As  with  fatigue,  a  knee  is  often 
seen  whether  a  log-log  or  semi-log  plot  is  made.  Yuce  et 
al<*^^  and  others^ have  recently  shown  that  the  strength 
reductions  which  occur  under  such  accelerated  conditions, 
correlate  well  with  the  growth  of  surface  roughening  as  seen 
with  the  atomic  force  microscopy  (AFM).  A  model  which 
predicted  this  roughening  was  suggested  by  Kurkjian  et  al^'^^ 
and  by  Matthewson  and  Kurkjian.^*^^  It  was  suggested  that 
random  density  and  composition  fluctuations  intrinsic  to  the 
glassy  state  lead  to  non-uniform  corrosion  of  the  glass  surface 
and  give  rise  to  the  observed  roughening.  Support  for  this 
model  has  recently  been  given  by  Kurkjian  et  al.^^^^ 


In  the  above  discussion  we  have  outlined  the  situation  with 
respect  to  the  general  problems  of  strength,  fatigue  and  aging. 
In  this  final  section,  a  number  of  specific  issues  will  be 
addressed  which  are  either  new,  or  if  old  have  resisted  resolu¬ 
tion  in  the  past. 

1)  Do  large  and  small  flaws  (or  no  flaws)  respond  in  the  same 
way  to  stress  and  stress-assisted  corrosion  ie,  fast  and  slow 
fracture? 

Whatever  the  details  of  the  processes  responsible  for  failure 
in  the  two  failure  modes  of  Fig.  1,  it  is  important  to  be  able  to 
predict  their  long  time  behavior.  While  many  studies  have 
been  made  of  the  variation  of  fatigue  with  variation  in  initial 
fast  fracture  strength,  no  clear  understanding  has  emerged. 
Kurkjian  et  al^'®^  have  shown  that  for  the  available  data, 
there  is  no  correlation  between  o  and  n  presumably  because 
of  the  great  variability  in  the  character  of  the  flaws  present. 
The  extremely  high  quality  of  fiber  now  produced  makes  it 
difficult  to  study  the  behavior  of  the  infrequent,  proof-test 
flaws.  By  using  indentation  flaws,  Lin  et  al^^®^  have  made  a 
start  at  characterizing  low  strength  behavior  in  fast  and  slow 
fracture  but  much  more  work  is  needed.  It  is  also  very  impor¬ 
tant  to  study  the  aging  behavior  of  low  strength  fibers.  It  has 
been  suggested  that  the  roughening  which  occurs  on  aging  a 
flaw-free  surface  is  due  to  local  differences  in  total  free 
energy  inherent  in  glasses  which  gives  rise  to  local  differen¬ 
tial  solubility  rates.  When  a  crack  exists  on  such  a  surface, 
the  situation  is  completely  changed.  In  the  absence  of  stress 
or  at  low  stresses,  the  solubility  will  be  less  at  the  tip  of  the 
crack  and  crack-tip  blunting  may  be  expected  to  occur,  and 
instead  of  weakening,  strengthening  r  lay  occur. 

2)  Is  there  a  fatigue  (or  aging)  limit? 

One  of  the  major  problems  in  defining  the  mechanical  relia¬ 
bility  of  fibers  is  the  prediction  of  fiber  lifetimes  on  the  basis 
of  an  incomplete  understanding  of  aging  and  fatigue  and  thus 
an  incomplete  knowledge  of  appropriate  analytical  expres¬ 
sions  governing  the  time  dependence  of  strength.  This  prob¬ 
lem  would  obviously  be  avoided  if  it  could  be  shown  (as  has 
often  been  suggested)  that  there  is  a  limit  below  which  the 
strength  would  not  drop  ie,  a  fatigue  or  aging  limit.  Three 
lightguide  related  experiments  have  given  indications  that 
such  may  be  the  case.  (1)  Bogatyijov  et  al^^’  ^  have  shown  an 
aging  limit  in  silicone  clad  silica  fiber  in  80°C  water  of  pH7. 
(2)  Various  experiments  by  Helfinstine  and  Quan^^^  and 
Gulati  et  al^^^  show  increasing  n- values  with  increasing  time 
(decreasing  stress)  and  (3)  recent  very  impressive  work  by 
Helfinstine  et  al^^^^  and  Gulati^^^  have  shown  an  apparent 
approach  to  a  fatigue  limit  in  a  DCDC  crack  growth  specimen 
of  fused  silica  at  very  low  crack  velocities  (K;  -  0.3  MPa 
m^  and  Vj  =  10“*'  m/s).  By  using  a  scanning  tunneling 
microscope  to  measure  the  position  of  timing  markers  they 
have  made  subcritical  crack  growth  measurements  in  a 
regime  which  effectively  extends  the  time  of  fatigue  meas¬ 
urement  to  several  years  in  a  real  time  of  months. 
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3)  Do  liquid  water  and  water  vapor  affect  strength  in  the  same 
way?  If  surface  roughening  and  weakening  is  due  to  differen¬ 
tial  solubility,  such  behavior  would  not  be  expected  in  the 
absence  of  liquid  water.  On  the  other  hand,  both  Yuce  et 
al^*'*^  and  Kennedy  et  al^*^^  have  observed  such  behavior.  In 
fact  Kennedy  et  al  have  shown  that  in  some  cases,  substan¬ 
tially  greater  weakening  occurs  in  vapor  than  in  a  liquid.  Is 
the  model  wrong,  or  is  there  a  mechanism  for  liquid  forma¬ 
tion  in  vapor  -  eg  interaction  of  the  polymer  with  water 
vapor? 

4)  How  do  different  polymers  affect  mechanical  behavior? 

Some  recent  studies^^*’^^^  have  shown  the  importance  of 
ambient  chemisdy  on  strength  and  fatigue.  Other  studies 
have  shown  that  different  polymers  have  a  major  impact  on 
these  properties.^ It  has  been  suggested  that  the  detailed 
chemistry,  as  well  as  adhesion  and  water  permeability  affect 
this  behavior.  There  is,  however,  very  little  understanding  of 
the  specific  causes  of  these  differences  in  polymer  behavior. 
This  is  one  of  the  most  critical  areas  for  additional  work. 

5)  Can  the  behavior  of  lightguide  fibers  be  predicted  under 
combined  loading  eg  combined  tension  and  torsion.  This 
reflects  a  practical  condition  which  is  frequently  encountered, 
both  in  long  cables  and  short  coupled  sections,  but  which  has 
received  essentially  no  attention.  We  have  recently  obtained 
some  experimental  data  on  the  effect  of  combined  uniaxial 
tension  and  twist  on  the  strength  of  optical  fibers;  the  effect 
on  fatigue  is  stilt  unexplored.  The  dynamic  tensile  strength 
of  fibers  with  and  without  twist  was  measured  at  23“C,  50% 
RH  in  an  Instron  tester.  The  twist  was  introduced  in  the 
gauge  length  by  turning  the  top  mandrel  grip  while  the  bot¬ 
tom  mandrel  grip  was  fixed.  Fifty  cm  gauge  length  samples 
were  tested  at  2.5%  per  minute  strain  rate.  For  high  strength 
coated  fibers  the  tensile  strength  was  essentially  unaffected 
for  up  to  16  complete  turns.  However,  with  the  extreme  case 
of  128  turns,  the  strength  was  reduced  from  -  700  ksi  to  352 
ksi.  When  mechanically  stripped  (and  thus  damaged)  the  ten¬ 
sile  strength  was  reduced  and  broadened  (mean  strength 
a  =  265  ±  65  ksi)  with  no  twist.  With  16  turns,  the  mean 
strength  was  214  ±90  ksi  (95%  confidence  interval).  This 
suggests  the  possibility  of  strength  reduction,  but  more  data 
are  needed  in  this  case.  The  principal  stress  in  such  a  situa¬ 
tion  can  be  expressed  as: 

o  =  (0x72)  +'y  (-^)2 (3) 

where  Oy  =  tensile  stress 

T  =  shear  stress  =  G(rd<t)/L) 

and  G  is  the  shear  modulus,  r  is  the  fiber  radius,  ^  the  angular 
twist  in  radians  and  L  the  fiber  length.  Using  G  =  31.3  GPa, 
the  shear  stress  for  16  turns  in  a  50  cm  gauge  length  is  0.39 
GPa  or  57  ksi.  For  128  turns,  the  shear  stress  is  456  ksi  and 
thus  the  effective  stress  is  665  ksi  which  is  within  5%  of  the 
value  of  700  ksi  measured  in  pure  uniaxial  tension  with  zero 
twist.  The  fracture  in  torsion  has  a  unique  appearance  in  that 
there  is  a  zone  of  multiple  fractures  contained  within  the 


polymer  coating  which  is  apparently  undamaged  except  for  a 
corkscrew  effect  at  the  end  (Fig.  7). 

6)  Effect  of  a  filling  compounds.  Fibers  in  a  cable  are  usually 
protected  by  a  water-blocking  or  filling  compound.  These 
filling  compounds  are  nonporous  gels  consisting  of  an  oil,  a 
rubber,  an  antioxidant  and  surface  modified  silica.  Figure  6 
illustrates  the  mean  strength  before  and  after  aging  the  fibers 
at  85C/95%  RH  for  30  days.  These  fibers  have  an  experimen¬ 
tal  dual  polymer  coating  where  corrosive  components  were 
intentionally  introduced  both  in  the  primary  and  secondary 
coatings.  The  filling  compound  was  applied  as  a  thin  coating 
on  the  fiber  surface.  The  fibers  with  and  without  the  filling 
compound  were  aged  separately.  Note  that  in  the  presence  of 
a  filling  compound,  the  strength  reduction  after  30  days  at 
85C/95%  RH  was  only  22%  as  compared  with  53%  reduction 
when  there  was  no  filling  compound.  Thus  while  the  exact 
mechanism  of  the  protective  effect  of  the  filling  compound  is 
not  understood  at  present,  the  results  shown  here  are 
encouraging.  ^ 

The  above  discussion  h^  concentrated  on  scientific  and  tech¬ 
nological  issues  having  to  do  with  understanding  and  predict¬ 
ing  the  mechanical  behavior  of  fibers.  As  the  lightguide 
industry  has  grown  and  fiber  has  become  a  commodity,  the 
issue  of  standards  has  become  a  more  pressing  one.  Mechan¬ 
ical  reliability  of  optical  fibers  is  an  active  topic  of  discussion 
in  the  various  standards  bodies  in  U.S.  and  abroad.  These 
standards  groups  have  two  main  objectives.  First,  to  develop 
standardized  test  procedures  to  allow  direct  comparison  of 
fiber  strength  and  fatigue  parameters  from  different  vendors. 
The  second  objective  is  to  evaluate  existing  fiber  lifetime 
models.  The  latter  is  a  challenging  task  since  there  are  many 
models  which  give  widely  different  long-term  predictions. 

Fiber  reliability  is  being  discussed  in  many  standards  bodies; 
lEC  (International  Electrotechnical  Commission),  CCITT 
(Cbnsultative  Committee  for  International  Telephony  and 
Telegraph)  EIA/TIA  (Electronic  Industries 
Association/Telccommunications  Association),  ETSI  (Euro¬ 
pean  Telecommunications  Standards  Institute)  and  the 
Japanese  National  Standards  Body.  There  is  increasing  com¬ 
munication  among  these  bodies  so  that  uniform  world-wide 
standards  may  emerge.  In  the  U.S.,  the  Electronic  Industries 
Association  has  a  fiber  reliability  working  group  which  meets 
quarterly  to  generate  Fiber  Optic  Test  lYocedures  (FOTP’s). 
Representatives  from  various  fiber  vendors  and  users  have 
developed  FOTP’s  on  measuring  dynamic  tensile  strength 
(FOTP-28B),  a  fiber  tensile  proof  test  method  (FOTP-31B),  a 
method  for  measuring  dynamic  fatigue  of  optical  fibers  by 
tension  (FOTP-76),  a  procedure  for  measuring  the  static 
fatigue  of  optical  fibers  in  two-point  bending  (FOTP-97)  and 
a  fluid  immersion  aging  procedure  for  optical  fiber  mechani¬ 
cal  properties  (FOTP-75).  Procedures  for  static  fatigue  in 
tension,  dynamic  fatigue  in  two  point  bending  and  static 
fatigue  in  uniform  bending  (mandrel  wrap  method)  are  being 
currently  discussed.  Some  other  issues  under  discussion 
include  the  relationship  between  fatigue  parameters  measured 
by  various  test  techniques,  the  effect  of  stripping  the  polymer 
coating  on  strength  and  fatigue,  the  effect  of  a  mechanical 
twist  on  strength  and  fatigue  of  fibers,  and  the  effect  of 
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unloading  time  on  prooftesting. 

In  addition  to  FOTP’s,  EIA  has  a  document  on  fiber  lifetime 
calculations  based  on  a  minimum  time  to  failure  model.  Due 
to  a  large  range  of  B  values  reported  in  the  literature  and  its 
dependence  on  the  fatigue  parameter  n,  it  is  recommended 
that  B  value  be  determined  for  each  fiber.  Work  is  in  pro¬ 
gress  to  include  predictions  based  on  Mitsunaga’s  prooftest 
model. 

SUMMARY 

Although  much  progress  has  been  made  both  practically  and 
scientifically  in  the  area  of  lightguide  fiber  strength,  several 
outstanding  problems  require  additional  work.  The  applica¬ 
tion  of  new  experimental  techniques  as  well  as  new  theoreti¬ 
cal  insights  promise  to  provide  the  needed  insights  in  the  near 
future.  Continuing  work  on  standards  for  the  mechanical 
characterization  and  testing  is  also  of  importance. 
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STRENGTH  (kpsi) 

Fig.  1  Strength  distribution  of  a  standard  polymer  coated, 
silica  clad  fiber.  Gauge  length  =  20  m.^'^ 


Fig.  3  Failure  time  of  bare  silica  fibers  under  tensile  stress 
in  various  ambients.  Filled  circles  -  room  tempera¬ 
ture,  open  circles  -  moderate  vacuum  (-  10”'^ 
Torr),  triangles  -  €N2.**^ 


Fig.  2  Fracture  surface  of  silica  fiber.  Both  the  mirror  and 
flaw  (rm  -  10  rc)  can  be  seen.^*^ 


Fig.  4  Extrapolation  of  experimental  static  fatigue  data  as 
an  exponential  or  a  power  function. 
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Fig.  5  Comparison  of  aging  and  fatigue  of  uncoated  silica 
fibers  in  90°C  liquid  water.^'®^ 


I  I  W/O  FLUNG  COMPD.  ^  WAUJNC  COMPO. 

Fig.  6  Effect  of  filling  compound  on  aging  behavior  in 
85°C/95%  RH. 


Fig.  7  Torsion-tension  break. 


Charles  R.  Kurkjian  received  the  B.Sc. 
degree  in  ceramics  from  Rutgers  University 
in  1952  and  the  Sc.D.  degree  in  ceramics 
from  MIT  in  1955.  After  postdoctoral 
appointments  at  MIT  and  The  University  of 
Sheffield,  England,  he  joined  Bell  Labora¬ 
tories  in  1959.  He  has  worked  in  various 
areas  of  glass  science,  most  recently  with 
fracture  and  fatigue  of  silica  fibers. 


Daryl  Inniss  is  a  member  of  the  technical 
staff  of  the  Optical  Fiber  Research  Depart¬ 
ment.  He  joined  Bell  Laboratories  in  1988 
and  began  his  career  working  on  the  chemi¬ 
cal  mechanism  that  leads  to  fracture  of  silica 
optical  fibers.  Dr.  Inniss  was  educated  at 
Princeton  University,  where  he  received  an 
A.B.  in  chemistry  in  1983;  he  subsequently 
attended  the  University  of  California  at  Los 
Angeles  and  received  a  Ph.D.  in  chemistry 
in  1988. 


Harish  C.  Chandan  is  a  Member  of  Techn¬ 
ical  Staff  at  AT&T  Bell  Laboratories,  Nor- 
cross,  Georgia  which  he  joined  in  1977.  His 
current  activities  include  mechanical  relia¬ 
bility  and  processing  of  optical  fibers.  Dr. 
Chandan  holds  a  Ph.D.  from  Penn  State 
University  in  Ceramics  Science.  He  is 
active  in  the  Fiber  Reliability  Working 
Group  in  the  Electronic  Industries  Associa¬ 
tion.  He  is  a  member  of  American  Ceramic 
Society. 


604  International  Wire  &  Cable  Symposium  Proceedings  1992 


AGING  BEHAVIOR  OF  OPTICAL  FIBERS 


Hakan  H.  Yuce 
Bellcore 

Morristown,  NJ  07962 


ABSTRACT 

This  paper  addresses  some  of  the  factors  that  may  effect 
the  aging  behavior  of  silica  fibers. 


INTRODUCTION 

Optical  fibers  in  cables,  splice  closures,  pedestals  and 
optical  network  units  (ONUs)  often  experience  corrosive 
environments  (e.g.,  water)  which  can  degrade  their 
strength.  When  these  aged  fibers  are  stressed  later  dur¬ 
ing  routine  maintenance  or  other  field  craft  activity,  they 
can  fail  at  stress  levels  significantly  below  their  typical 
strengths  in  short  lengths.'  The  effect  of  aging  on  the 
mechanical  reliability  of  optical  fiber  is  therefore  an  im¬ 
portant  consideration  in  any  system  design. 

Critical  mechanical  properties  of  optical  fibers  are  high 
strength,  small  variability  of  strength,  high  fatigue  resis¬ 
tance,  and  high  aging  resistance.  With  improvements  in 
preform  quality  and  drawing  environment,  long-length, 
high-strength  optical  fibers  are  being  produced 
routinely.*  Such  fibers,  with  strengths  in  the  range  of 
~10‘  psi  in  short  gage  lengths,  are  usually  characterized 
by  narrow,  unimodal  strength  distributions  with  large 
Weibull  slope  parameters  (~50-100).  The  commonly 
used  UV-cured  polymer  coatings  provide  adequate  fa¬ 
tigue  resistance  (as  described  by  a  fatigue  parameter  of 
~20)  in  a  benign  environment. 

However,  since  aging  in  adverse  environments  can 
severely  degrade  fiber  strength  and  modify  the  fatigue 
resistance  of  optical  fibers,’  *  the  long-term  reliability  of 
optical  fibers  in  these  environments  is  no  longer  as¬ 
sured.  Some  chemical  species,  especially  water,  are 
known  to  have  detrimental  effects  on  the  mechanical 
properties  of  optical  fibers.  This  is  manifested  in  different 
ways  depending  on  the  stress  state  of  the  optical  fiber; 
(1)  time  delayed  failure  mechanisms  such  as  static  or 
dynamic  fatigue,  and  (2)  zero-stress  aging. 

Static  fatigue  is  the  time-dependent  failure  of  glass 
under  a  constant  stress  that  is  less  than  the  instanta¬ 
neous  fracture  strength.  This  delayed  failure  is  a  function 
of  the  coating,  applied  stress,  temperature,  and  chemical 
species,  particularly  the  presence  of  water.  The  stress- 
assisted  hydrolysis  of  the  silicon-oxygen  network  of  the 


glass'*  results  in  the  growth  over  time  of  microscopic 
surface  flaws  into  larger  critical  cracks.  The  development 
of  flaws  is  influenced  by  the  surrounding  environment, 
so  the  surface  reactivity  in  a  given  environment  deter¬ 
mines  the  fiber’s  ultimate  strength  because  of  its  effect 
on  crack  tip  growth.  Dynamic  fatigue  is  the  time-depen¬ 
dent  failure  of  glass  under  a  constant  stressing  rate,  re¬ 
sulting  in  a  fracture  strength  that  is  less  than  the  strength 
measured  in  an  inert  environment. 

The  loss  of  strength  in  high-strength  glass  fibers  in  the 
absence  of  stress  in  some  corrosive  environments  such 
as  water  is  called  zero-stress  aging.  The  underlying 
mechanism  of  glass  failure  under  static  fatigue  condi¬ 
tions  has  been  well  documented",  but  the  reasons  for 
loss  of  strength  of  glass  fibers  under  zero  stress  are  still 
under  study.  The  topic  is  a  controversial  issue;  pro¬ 
posed  mechanisms  involve  adsorption  of  water 
molecules  on  the  surface,  promoting  crack  growth  dur¬ 
ing  subsequent  strength  testing'*,  or  corrosive  reactions 
leading  to  surface  flaws  which  can  act  as  nuclei  for 
cracks’.  The  surface  reactivity  of  silica-based  glasses  in 
different  environments  determines  the  ultimate  strength 
of  these  materials  because  of  the  effect  on  crack  tip 
growth. 


FACTORS  EFFECTING  AGING 
In  a  first  systematic  study.  Mould'*  showed  that  zero- 
stress  aging  of  freshly  abraded  glass  resulted  in  an  in¬ 
crease  in  strength.  Significant  increases  in  strength 
were  obtained  after  only  10  seconds,  attributed  to  round¬ 
ing  of  flaw  tips  by  the  action  of  water.  An  increase  in 
strength  after  aging  of  scratched  glass  specimens  was 
also  reported  by  others'*-'’.  These  studies  were  con¬ 
ducted  with  bulk  glasses  with  fresh  abrasions  so  that  the 
critical  flaw  sizes  were  large  and  the  strengths  were  low 
(less  than  20  kpsi). 

Kurkjian  et  al,"  observed  that  the  strength  of  pristine 
fiber  that  has  been  aged  for  prolonged  periods  under 
zero  stress  falls  to  a  level  comparable  to  the  strength  of 
weak  silica  that  has  been  etched  or  aged.  Their  expla¬ 
nation  for  this  is  that  ellipsoidal  pits  for  the  two-types  of 
silica  are  of  different  size  but  have  the  same  shape  and, 
hence,  the  same  stress  intensification  factor.  Under  ap¬ 
plied  stress,  differences  in  the  local  stress  cause  the 
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shape  of  the  pits  to  evolve  until  a  sharp  crack  is  pro¬ 
duced  that  subsequently  leads  to  failure. 

Direct  evidence  for  surface  roughening  of  pristine  fiber 
during  prolonged  exposure  to  water  was  observed  by 
scanning  tunneling  microscopy  (STM)”'"  (see  Figure  1). 
Yuce  et  al  showed  that  the  roughness  of  the  fibers  in¬ 
creased  with  increasing  exposure  to  the  aqueous  envi¬ 
ronment.  They  measured  the  inert  strength  of  fibers 
aged  under  zero-stress  conditions  and  showed  that 
strength  loss  in  the  fibers  is  related  to  changes  in  sur¬ 
face  roughness  on  the  nanometer  scale,  and  that  the 
loss  can  be  predicted  by  established  models  based  on 
the  surface  roughness.  In  the  original  STM  studies,  fiber 
samples  had  to  be  DC  sputter  coated  with  gold  grains 
having  corrugations  of  4  to  5  nm.  Hence,  precise  mea¬ 
surement  of  flaw  depth  for  features  smaller  than  the 
grain  size  was  not  possible,  as  seen  in  Figure  2.  Later, 
an  atomic  force  microscope  (AFM)  was  used"  to  com¬ 
pare  the  strength  and  morphological  properties  of  fibers 
aged  in  the  aqueous  environments.  The  AFM  offers  the 
advantage  over  the  STM  that  the  sample  need  not  be  a 
conductor.  With  the  help  of  AFM,  Yuce  and  coworkers 
verified  the  pit  formation  (Figure  2)  proposed  by  Kurkjian 
et  al". 

A  recent  sludy“  showed  that  even  subtle  changes  in 
coating  chemistry  can  have  an  enormous  effect  on  aging 
behavior  of  optical  fibers.  Fibers  in  this  study,  designat¬ 
ed  as  Fibers  X  and  Y,  were  made  of  identical  fused  sili¬ 
ca,  coated  in-line  with  two  different  UV-curable  epoxy 
polyurethane  acrylate  coatings.  They  were  subjected  to 
aging  in  both  85  °C  deionized  water  (pH  7  ±  0.5)  and  85 
®C,  85%  RH  for  up  to  sixty  (60)  days  at  zero-stress. 
Strength  and  surface  morphology  of  the  aged  and  un¬ 
aged  fibers  were  examined.  The  median  strength  val¬ 
ues  of  unaged  and  aged  fibers  are  shown  in  Figure  3  as 
a  function  of  aging  time  and  in  Figure  4  as  a  function  of 
surface  roughness  (obtained  from  the  AFM  measure¬ 
ments).  These  figures  show  that  the  median  strength  of 
fibers  decreases  and  that  the  surface  roughness  of  glass 
increases  with  increasing  aqueous  aging,  particularly 
with  Fiber  Y.  Figures  5  and  6  show  the  AFM  images  of 
Fiber  X  and  Fiber  Y,  respectively,  where  (a)  is  the  glass 
surface  of  the  unaged  fiber  and  (b)  is  the  surface  of  the 
fiber  aged  for  1  month  in  deionized  water.  The  roughen¬ 
ing  that  occurred  during  the  aging  process  is  again  evi¬ 
dent  in  these  figures.  The  surface  roughness  of  the 
fibers  increased  with  increasing  aging  time  and  was 
more  dramatic  in  iiquid  water  than  in  high  humidity. 
Fiber  Y  experienced  more  severe  aging,  as  shown  in 
Figure  6.  The  roughened  surface  showed  an  increase 
in  amplitude  and  wavelength  of  surface  contour  with  in¬ 
creasing  aging  time,  consistent  with  eariier  findings.  19 

This  study  showed  that  coating  composition  can  be  de¬ 
signed  to  optimize  zero-stress  aging  performance  of  op¬ 
tical  fibers.  In  addition,  it  confirmed  that  the  strength  is  in¬ 
versely  proportional  to  the  measured  surface  roughness, 
regardless  of  the  details  of  the  aging  experiment. 


The  formation  of  surface  roughness  requires  removal  of 
silica  from  the  glass  surface.  This  dissolution  process  is 
quite  different  from  the  mechanism  of  stress-assisted 
hydrolysis  of  the  silicon-oxygen  network  of  the  glass". 
Strength  degradation  due  to  aging  can  be  improved  if 
this  chemical  dissolution  can  be  slowed.  Matthewson  et 
al”  achieved  this  effect  by  introducing  a  small  quantitv  of 
colloidal  silica  into  the  polymer  coating  of  the  fiber.  Their 
results  indicated  that  a  modified  polymer  coating  formu¬ 
lation  increased  the  lifetime  of  the  fiber  almost  thirty-fold. 
They  proposed  that  the  small  particles  are  more  soluble 
than  the  glass  fibu.  due  to  their  curvature  and  so  prefer¬ 
entially  dissolve  as  the  environmental  water  pmetrates 
the  coating.  The  partially  saturated  water  then  has  a  re¬ 
duced  activity  at  the  glass  surface.  Figure  7  shows  the 
aging  behavior  of  fibers  with  and  without  colloidal  silica 
in  the  coating,  measured  at  room  temperature  in  a  pH-7 
buffer  solution,  as  a  function  of  aging  time  in  90  °C  pH-7 
buffer.  As  seen,  the  “with"  fiber  aged  less  than  the  “with¬ 
out”  fiber. 


CONCLUSIONS 

Recent  findings  in  the  understanding  of  reliability  of  sili¬ 
ca  optical  fiber  indicate  that  the  chemical  durability  of  the 
fiber  can  control  its  long-term  reliability.  In  particular,  dis¬ 
solution  of  surface  material  produces  strength  degrada¬ 
tion.  Recent  studies  have  also  demonstrated  that  coat¬ 
ing  chemistry  can  have  an  enormous  effect  on  the 
degradation  behaviot  of  optical  fibers.  In  order  to  im¬ 
prove  reliability,  coating  composition  must  be  designed 
to  optimize  aging  performance. 
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Figure  1  -  STM  images  of  surfaces  of  (a)  unaged  fiber,  and  (b)  3  months  aged  fiber 
(same  magnification  for  both  images;  the  scan  area  900x900  nm)  [after 
reference  17]. 


Figure  2  -  AFM  images  of  the  surface  of  glass  fiber  after  aging  in  80°  C  deionized 
water  for  3  months  [after  reference  19]. 
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Figure  3  -  Strength  degradation  after  aging  [after  reference  20]. 
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Figure  4  -  Strength  versus  surface  roughness  [after  reference  20). 
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Figure  6  -  Unfiltered  AFM  images  of  the  glass  surface  of  Fiber  Y :  (a)  unaged  and 
(b)  aged  for  1  month  in  deionized  water  [after  reference  20]. 
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Figure  7  -  Strength  degradation  after  aging  in  90°  C  pH-7  buffer  [after  reference  21]. 
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Abstract 

The  three  critical  properties  that  impact  the 
mechanical  reliability  of  long-length  optical  fibers  are 
flaw  distribution,  flaw  growth  behavior,  and  zero  stress 
aging.  Much  progress  has  been  made  in  the  former 
areas  by  measuring  the  strength  distribution  to  a  10“^ 
failure  probability  level  using  a  continuous  fiber 
strength  measurement  apparatus.  Similarly,  recent  flaw 
growth  studies  for  high  silica  and  titania-doped  silica 
glasses  have  provided  further  insight  into  fatigue  resis¬ 
tance  parameter  n  as  a  function  of  both  the  flaw  size 
and  test  environment.  In  addition,  zero  stress  aging 
experiments  in  various  aging  environments  have 
revealed  contrasting  strength  behavior  for  small  vs. 
large  flaws.  The  sum  total  of  these  data  demonstrates 
that  large  flaws  and  their  behavior  in  service  are  critical 
considerations  for  mechanical  reliability  of  long-length 
optical  fibers. 

(DtrodUgtiQQ 

Time-dependent  fracture  of  brittle  materials 
requires  the  knowledge  of  flaw  statistics  (flaw  density 
vs.  flaw  size  distribution)  and  stable  crack  growth  kinet¬ 
ics,  the  latter  being  influenced  by  chemical  reactive 
species  and  temperature  field  at  the  crack  tip.^  Most  of 
the  time  dependence  studies  of  optical  fiber  strength 
have  neglected  flaw  statistics  and  focused  on  growth 
of  a  generic  flaw  from  subcritical  to  critical  size.^'^ 
Furthermore,  the  majority  of  these  studies  deal  with  the 
high  strength  flaw— intrinsic  flaw— which  is  relevant  to 
short  fiber  lengths.  Indeed,  the  distribution  of  such 
flaws  is  rather  narrow,  with  large  Weibull  slope,  which 
facilitates  both  the  analysis  and  measurement  of  their 
growth.  However,  the  results  of  such  experiments  are 
inapplicable  to  long  fiber  lengths  containing  large 
flaws,  which  means  the  reliability  of  structures  such  as 
fiber  cables  cannot  be  assessed  appropriately. 
Although  fewer  in  number,  these  larger  flaws  are  the 
critical  'weak  links'  in  any  cable  structure.  For  the 
utmost  reliability  over  long  periods  of  time,  the  statis¬ 
tics  and  growth  kinetics  of  large  fla*  “^'e  prerequisites 
for  predicting  either  a  safe  allows  <  stress  for  a  fixed 
life  or  for  predictirtg  the  fiber  life  under  specified  oper¬ 
ating  conditions.^  In  most  fiber  structures  the  applied 
stress  field  is  predominantly  uniaxial,  weather  bending 


or  tension,  so  that  both  the  fast  fracture  and  time- 
dependent  fracture  of  such  structures  are  governed 
primarily  by  the  large  flaws,  making  their  study  much 
more  critical.® 

The  challenges  posed  by  large  flaws,  however,  are 
not  trivial!  In  view  of  their  low  frequency  in  a  given  fiber 
population,  a  large  sample  size  of  long  fibers  is  needed 
to  measure  their  strength  distribution  and  crack  growth 
kinetics.  This  is  indeed  a  formidable  task  both  in  terms 
of  fiber  utilization  and  the  testing  effort  involved. 
Fortunately,  the  recent  invention  of  a  special  continu¬ 
ous  tensile  tester'll)  has  facilitated  the  development  of 
large  flaw  distribution  with  efficient  utilization  of  fiber  to 
failure  probabilities  approaching  10‘5.  Similarly,  the 
dynamic  fatigue  measurements  for  long  fibers,  over 
five  decades  of  strain  rate,  have  shed  further  insight 
into  crack  growth  kinetics  of  large  flaws.^''*''  Such  data 
have  demonstrated  the  nonconstancy  of  fatigue  resis¬ 
tance  parameter  n,  thereby,  modifying  lifetime  predic¬ 
tions  for  long  optical  fibers.  The  measurement  of  crack 
velocity  as  function  of  stress  intensity,  using  DCDC 
(double  cleavage  drilled  compression)  specimen  and 
the  scanning  tunneling  microscope,''^  has  also  shed 
further  light  on  the  form  of  such  dependence — whether 
exponential  or  Power  law — to  crack  velocities  as  low 
as  10“''2  m/s.  These  data  also  help  improve  both  the 
life  prediction  and  safe  stress  estimates. 

Despite  above  advances  in  measuring  crack 
growth  kinetics,  there  is  a  significant  scatter  in  fatigue 
resistance  constant  or  crack  velocity  data  that  figures 
heavily  in  lifetime  predictions.  Consequently,  the  pre¬ 
dicted  lifetimes  can  be  in  error  by  several  orders  of 
magnitude  due  to  exponential  or  Power  law  depen¬ 
dence  of  lifetime  on  n  or  crack  velocity.  Furthermore, 
the  commonly  used  fatigue  models  are  based  on  a 
number  of  simplifying  assumptions  to  keep  the  mathe¬ 
matics  tractable.'®*’®  The  final  impact  of  such  assump¬ 
tions,  however,  is  to  increase  the  error  in  predicted  vs. 
measured  lifetimes  thus  casting  further  doubt  on  the 
validity  of  computed  lifetimes  for  real-life  fiber  struc¬ 
tures. 

Several  fatigue  models  are  available  for  predicting 
fiber  lifetimes. ■'®*'®  They  involve  a  number  of  fatigue 
parameters  whose  evaluation  requires  either  careful 
experimentation  or  certain  simplifying  assumptions  to 
keep  the  mathematics  tractable.  However,  certain 
other  features  of  these  models  permit  relaxation  of 
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some  of  these  assumptions  thereby  compensating  for 
much  of  the  uncertainty  in  designing  fiber  structures 
reliably.  In  particular,  we  take  advantage  of  the  experi¬ 
mentally  determined  large  flaw  distribution  and  use  the 
Power  law  to  determine  a  “safe”  allowable  stress 
which  would  minimize  crack  growth  and  ensure  fiber 
integrity,®  i.e.  preserve  fiber  strength,  over  its  functional 
lifetime.  Such  an  approach  neither  requires  the  inert 
strength  distribution  nor  calls  for  absolute  crack  growth 
computations,  thereby  alleviating  two  of  the  key 
assumptions  used  in  fatigue  models.  Furthermore,  the 
reaction  kinetics  of  the  Si-0  bond  with  corrosive 
species  like  water  vapor  are  so  slow  at  the  “safe" 
allowable  stress  that  the  “effective"  crack  velocity  is 
negligibly  small  and  remains  relatively  constant 
throughout  the  fiber’s  useful  Iife.2-17  jhe  value  of  this 
characteristic  crack  velocity  is  estimated  from  the  large 
flaw  distribution  and  its  impact  on  initial  fiber  strength 
examined  via  crack  extension,  if  any.  Hence,  the  above 
approach  helps  safeguard  fiber’s  mechanical  reliability 
and  functionality  over  its  useful  life. 

Fiber  Reliability  Issues 

While  a  complete  discussion  of  fiber  reliability  is 
beyond  the  scope  of  this  paper,  certain  key  issues  from 
fiber  manufacturers’  and  fiber  users’  points  of  view  are 
worth  summarizing. 

Fiber  manufacturers  have  long  recognized  that  the 
mechanical  integrity  of  optical  fiber  depends  on  its 
strength  distribution  following  manufacturing,  and 
strength  retention  during  storage,  cabling,  installation 
and  long-term  service.  The  former  is  optimized  by 
implementing  appropriate  controls  in  manufacturing 
processes  including  screening  of  raw  materials,  fabri¬ 
cation,  consolidation  and  preparation  of  preform;  draw¬ 
ing,  coating,  and  proof  testing  of  fiber;  and  winding  and 
storage  of  proof-tested  fiber  in  a  controlled  environ¬ 
ment.  The  strength  distribution  of  such  fiber  is  obtained 
in  pure  tension  using  long  lengths  and  special  test 
apparatus  capable  of  handling  many  kilometers  of 
fibers. 

The  strength  retention  behavior  during  storage  of 
optical  fiber  also  is  monitored  experimentally  by  some 
of  the  fiber  manufacturers  and  users  as  a  function  of 
coating  composition,  coating  geometry,  storage  envi¬ 
ronment,  and  storage  time.  Any  shift  in  the  strength 
distribution  automatically  is  recorded  using  the  same 
procedure  as  for  the  initial  strength  distribution. 
Indeed,  different  flaws  respond  differently  to  zero 
stress  aging.  ■'®‘23  From  a  reliability  point  of  view,  how¬ 
ever,  the  aging  data  of  those  flaws  that  control  fiber’s 
long-term  integrity  (the  largest  flaws)  are  most  mean¬ 
ingful.  It  is  possible  that  such  flaws  may  even  exhibit  a 
beneficial  zero  stress  aging  effect. 

The  strength  retention  behavior  during  cabling, 
installation  and  long-term  service  depends  on  both  the 
stress-time  history  and  environmental  conditions  to 
which  the  fiber  is  exposed.  This  includes  processes 


like  fiber  handling,  cable  manufacturing,  cable  installa¬ 
tion,  cable  splicing,  cable  repairs  and  the  like.  Each  of 
these  processes  needs  to  be  defined  as  a  stress-time 
history  together  with  the  operating  environment.  Fiber 
users  are  in  the  best  position  to  provide  such  informa¬ 
tion.  This  would  allow  the  time-dependent  strength 
behavior  of  fiber  to  be  measured  under  realistic  test 
conditions.  The  resulting  data  then  could  be  used  to 
determine  the  relevant  fatigue  resistance  parameters 
for  estimating  the  safe  stress-time  history  necessary  to 
ensure  any  specified  level  of  reliability.^^  In  the 
absence  of  user  specific  inputs,  fiber  suppliers  may 
generate  strength  data  that  are  not  readily  applicable 
to  certain  real-life  conditions. 

Another  key  issue  pertinent  to  fiber  reliability  is  the 
fatigue  model  one  chooses  to  estimate  the  safe  stress¬ 
time  history  <or  a  given  application.  Several  fatigue 
models  have  been  proposed  and  evaluated  in  the  liter¬ 
ature  with  varied  success.^®'''^'25.26  jheir  complexities 
reside  not  only  in  the  mathematical  treatment  of  the 
models,  but  also  in  possible  flaw-tip  morphology 
changes  (over  long  exposure  times),  which  could  alter 
the  very  fatigue  parameters  required  for  estimating  the 
safe  stress-time  history. it  is  suspected  that  the 
latter  effect  is  facilitated  by  diffusion  kinetics  of  aque¬ 
ous  species  into  certain  coatings  that  modify  the 
fiber/coating  interfacial  integrity  and  promote  water 
transport  to  surface  flaws.^®  In  light  of  the  above  com¬ 
plexities  the  more  amenable  fatigue  model,  namely 
Power  law,  is  often  used  to  estimate  the  safe  stress¬ 
time  history,  but  here  too  the  use  of  relevant  fatigue 
resistance  parameters  is  critical  for  arriving  at  reliable 
estimates. 

We  will  elaborate  on  the  foregoing  reliability  issues 
in  the  sections  that  follow  and  provide  relevant  data, 
wherever  possible,  to  facilitate  computation  of  safe 
stress-time  histories  or  lifetime  predictions  for  long 
fibers. 

Strength  Distribution 

Figure  1  is  a  schematic  of  continuous  fiber  strength 
test  apparatus,''®  developed  recently,  to  obtain  the 
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Figure  1.  Schematic  of  Ck}niinuous  Fiber  Strength 
Test  Apparatus 
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long-length  strength  distribution  corresponding  to  fail¬ 
ure  probabilities  approaching  10”®;  (Figure  2).  When 
the  long-length  strength  distribution  is  combined  with 
the  high  strength  region  of  20  m  fiber  strength  distribu¬ 
tion  (obtained  by  testing  discrete  20  m  gage  lengths), 
the  total  strength  distribution®  is  obtained  as  shown  in 
Figure  3.  The  fiber  population  shown  in  Figures  2  and 
3  had  been  proof-tested  at  50  kpsi.  Let  us  denote  the 
high  strength  region  by  symbol  I,  intermediate  strength 
region  by  symbol  II.  and  the  low  strength  region  by 
symbol  III.  While  region  II  data  can  be  accumulated  by 
testing  a  large  sample  of  20  m  gage  lengths,  that  for 
region  III  would  require  two  orders  of  magnitude  addi¬ 
tional  fiber  and  test  effort — which  would  strain  the 
resources  of  most  fiber  manufacturers.  Indeed,  the 
apparatus  in  Figure  1  facilitates  such  a  task  while  mini¬ 
mizing  time  and  material  expense  through  continuous 
testing.  In  addition  to  the  economic  advantage  afforded 
by  this  apparatus,  it  provides  the  most  valuable  flaw 
distribution,  namely  the  large  flaws,  for  predicting  the 


Strength  (MPa) 

350  700  1400  2800  7000 


Strength  (kpsi) 


Figure  2.  Strength  Distribution  of 386  km  of  Titania-Doped 
Silica-Clad  Fiber  in  Low  Strength  Region 


Figure  3.  Total  Strength  Distribution  of  Silica  Fiber  in  Tension 
(20  m  gage  length) 


reliability  of  long  fibers  under  sustained  loading. 

Referring  to  Figure  3,  fiber  manufacturers  and 
users  often  measure  only  the  high  strength  region  of 
the  distribution  (region  I),  using  a  limited  quantity  of 
short  gage  length  fiber.  Measuring  the  strength  distrib¬ 
ution  in  this  region  requires  the  least  amount  of  fiber 
and  the  data  are  relatively  easy  to  obtain.  The  result  is 
an  invariable  unimodal  distribution,  with  a  relatively 
high  Weibull  slope,  indicative  of  uniform  flaw  popula¬ 
tion  (known  as  intrinsic  flaws)  on  the  surface  of  optical 
fiber.  These  are  also  the  smallest  flaws  whose  aging 
and  fatigue  behaviors  can  differ  significantly  from  those 
of  large  flaws.  The  study  of  intrinsic  flaws,  however,  is 
useful  mainly  for  theoretical  modeling  and  adds  little 
value  for  field  functionality.^® 

As  the  cumulative  length  of  tested  fiber  increases, 
the  probability  of  encountering  intermediate  flaws  also 
increases.  This  is  illustrated  by  region  II  whose  Weibull 
slope  is  lower  and  the  strength  range  is  also  lower,  typ¬ 
ically  by  an  order  of  magnitude.  These  intermediate 
flaws  occur  less  frequently  and,  typically,  result  from 
handling  damage  inflicted  during  fiber  and  cable  manu¬ 
facturing,  shipping,  and  subsequent  cable  processing. 
Their  fatigue  and  aging  behaviors  also  can  vary  from 
those  of  both  the  small  and  large  flaws.  As  the  total 
length  of  fiber  tested  increases  further  and  the  sample 
population  grows  by  another  order  or  two  in  magni¬ 
tude,  the  probability  of  encountering  a  large  flaw 
increases,  thus  giving  rise  to  region  III  of  Figure  3.  The 
Weibull  slope  of  region  III  is  somewhere  between  that 
of  regions  I  and  II,  indicating  a  tighter  distribution  than 
region  H  and  representing  large  flaws  that  survived  the 
proof  test.  Such  large  flaws,  representing  the  minimum 
strength  region,  are  most  sensitive  to  fatigue  damage 
under  sustained  loading.  Flaws  larger  than  region  III 
would  cause  fiber  failure  during  proof-testing  while 
those  smaller  than  region  III  would  have  survived  the 
proof  test. 

The  silica  fiber  in  Figure  3  has  survived  a  proof 
stress  of  50  kpsi  prior  to  strength  measurement.  In  this 
example,  the  fiber  manufacturers  must  exercise  care  to 
prevent  crack  growth  during  proof  testing.  This  can  be 
accomplished  by  limiting  the  unloading  time  to  a  frac¬ 
tion  of  a  second  and  testing  the  fiber  at  a  strain  rate  in 
excess  of  2000%  per  min.  The  key  parameters  which 
the  fiber  manufacturers  should  control  are  unloading 
time  and  proof  stress  value  to  preserve  fiber  strength 
during  proof  testing  since  the  allowable  stress-time  his¬ 
tories  for  long-term  service  are  expressed  in  terms  of 
proof  stress  which  is  assumed  to  represent  the  mini¬ 
mum  strength. 

Since  the  allowable  service  stress  is  a  finite  frac¬ 
tion  of  proof  stress,  the  large  flaws  of  region  III  would 
experience  that  fractional  stress  to  a  greater  degree 
and  be  more  prone  to  crack  growth  than  either  the 
intermediate  flaws  of  regions  II  or  small  flaws  of  region 
I.  Thus,  the  fatigue  and  aging  behavior  of  flaws  in 
region  III  is  much  more  pertinent  to  predicting  fiber  reli¬ 
ability  than  that  of  small  and  intermediate  flaws.  Of 
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course,  the  random  occurrence  of  large  flaws  as 
demonstrated  by  low  failure  probability  in  Figure  3 
would  require  either  a  large  fiber  population  or  the  use 
of  abraded  fiber  to  measure  their  aging  and  fatigue 
behaviors.^  Such  data  for  abraded  silica  fiber  will  be 
discussed  in  the  next  two  sections. 

Zero  Stress  Aging 

Zero  stress  aging  of  silica  fibers,  with  UV-acrylate 
coating,  has  been  studied  by  several  investigators. 

The  time  dependence  of  strength  of  aged  fibers 
depends  on  initial  flaw  size,  aging  environment,  and 
coating  formulation.  The  strength  of  unabraded  fibers 
decreases  with  time  due  to  diffusion  of  aqueous  media 
and  breakdown  of  glass/coating  interfacial  bond,  which 
reduce  the  abrasion  resistance  of  pristine  glass  sur¬ 
face  during  handling  and  post-processing  of  optical 
fibers.  Strength  losses  of  up  to  50%  have  been  report¬ 
ed  for  UV-acrylate  coated  fiber  following  45  days  of 
aging  in  85°C  water.®'20.22  However,  such  data  only 
pertain  to  the  high  strength  region  with  submicron 
flaws  whose  post-aging  strength  is  well  above  the 
proof  stress  and  whose  growth  under  service  condi¬ 
tions  is  orders  of  magnitude  smaller  than  that  of  large 
flaws. 

From  a  reliability  point  of  view,  it  is  the  large  flaw 
(of  “Region  III")  whose  aging  behavior  is  more  critical. 
And  as  noted  earlier,  the  behavior  of  these  flaws  is 
quite  different  from  that  of  “Region  I"  flaws. 
Consequently,  aging  studies  were  carried  out  for 
abraded  silica  fibers  in  80°C  water.3  Two  types  of  abra¬ 
sion  were  introduced,  namely 

i)  draw  abraded  in  which  a  150  pm  bare  silica 
fiber  was  rubbed  against  the  125  pm  bare  silica 
fiber  at  right  angle  during  drawing  but  prior  to 
coating; 


Figure  4.  Effect  of  Zero  Stress  Aging  on  Tensiie  Strength  of 
Abraded  Silica  Fiber  (0.5  m  gage  length) 


and 

ii)  post-draw  abraded  in  which  the  coating  was 
chemically  removed  over  a  small  section  of  the 
fiber  which  was  abraded  by  silica  particles  via 
free  fall  from  a  fixed  height  and  subsequently 
recoated  with  UV-acrylate  coating. 

The  mean  flaw  depth  for  draw  abraded  fiber  was 
approximately  1 .5  pm  and  that  for  post-draw  abraded 
fiber  was  approximately  2  pm.  The  tensile  strength  of 
these  two  fiber  populations  following  aging  in  80°C 
water  is  shown  in  Figure  4  as  function  of  aging  time. 
Following  initial  weakening  of  10-20%  over  the  first  day 
of  aging,  the  strength  of  abraded  silica  fibers  actually 
increases  by  30  to  100%.  The  mechanism  for  initial 
weakening,  which  is  small,  is  not  well  understood. 
However,  the  final  strength  increase,  which  is  probably 
due  to  modifications  in  flaw  tip  morphology  during 
aging,  is  very  encouraging. 

Thus,  the  large  flaws  in  long  optical  fibers  should 
either  be  unaffected  by  zero  stress  aging  or  should 
exhibit  higher  strength  due,  possibly,  to  residual  stress 
release  and/or  crack  tip  blunting.  Notwithstanding  the 
well-known  zero  stress  aging  effect  in  high  strength 
fibers  of  short  gage  length,  the  above  data  again  point 
to  the  importance  of  flaw  size  in  arriving  at  conclusions 
regarding  the  reliability  of  long-length  optical  fibers. 
What  at  first  appears  to  be  significant  in  a  study  of 
small  flaw  behavior,  becomes  less  important  for  study¬ 
ing  the  behavior  of  large  flaws. 

Fatigue  Behavior 

As  with  strength  and  aging  behavior,  the  fatigue 
behavior  of  silica  fiber  is  also  dependent  on  flaw  depth, 
flaw  tip  morphology  and  the  state  of  residual  stress  at 
crack  tip.  Much  data  exist  in  the  literature  for  dynamic 
fatigue  parameter  n^  of  high  strength  region  of  silica 
fiber  (Figure  5).^'’  Similarly,  the  static  fatigue  behavior 
of  unabraded  silica  fiber  over  two  years  of  test  duration 
is  shown  in  Figure  6.  These  data  show  that  dynamic 


Figure  5.  Strength  vs.  Stress  Rate  Dependerxe  of  Unabraded 
Silica  Fiber  in  Tension  (20  m  gage  length) 
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fatigue  parameter  n^j  at  moderate  stress  rates  and  the 
static  fatigue  parameter  Pg  have  significantly  different 
values,  the  former  being  about  half  of  the  latter.^^ 
However,  if  the  dynamic  fatigue  measurements  are 
carried  out  at  lower  stress  rates,  the  In  (strength)  vs.  In 
(stress  rate)  plot  begins  to  show  a  distinct  curvature 
with  Pd  value  approaching  Pg.  These  observations 
could  imply  flaw  tip  modifications,  notably  blunting  dur¬ 
ing  early  stages  of  dynamic  loading  at  low  stress  rates, 
which  approach  the  geometry  of  flaws  in  long-term  sta¬ 
tic  fatigue  experiments.  Thus,  the  n  value  used  for 
estimating  fiber  life  from  Power  law  fatigue  model  can 
vary  significantly,  resulting  in  a  large  spread  in  lifetime 
estimates.  Although  some  spread  is  also  observed  in 
static  fatigue  data,  its  range  is  an  order  of  magnitude 
smaller  than  that  based  on  dynamic  fatigue  data.  The 
use  of  dynamic  fatigue  parameter,  n^,  provides  a  more 
conservative  estimate  of  fiber  life  and/or  safe  allowable 
stress. 

From  a  reliability  point  of  view  the  fatigue  behavior 
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Figure  6.  Static  Fatigue  Curve  for  Unabraded  Silica  Fiber  in 
Tension  (5  m  gage  length) 


Table  1 

Flaw  Size 
(um) 

n 

Specimen  Type  and 
Loadina  Condition 

Reference 

0.01-1 
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Optical  Fiber  in  Tension 
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andGulati” 
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150-160 

45 
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of  large  flaws  is  of  greater  interest.  Indeed,  dynamic 
fatigue  data  for  bulk  silica  with  10-200  pm  deep  flaws 
have  been  published  with  n  values  ranging  from  28  to 
45  indicative  of  higher  fatigue  resistance  relative  to  sili¬ 
ca  fiber;32,33  gee  Table  1.  The  dynamic  fatigue  experi¬ 
ments  have  also  been  carried  out  on  abraded  silica 
fibers  with  3-12  pm  deep  flaws^  (Figure  7),  The  type  of 
abrasion  chosen  for  these  experiments  was  the  post¬ 
draw  abrasion  described  earlier  for  zero  stress  aging 
tests  and  is  representative  of  the  proof  stress  region 
(Region  III)  of  the  total  strength  distribution.  The 
fatigue  parameter  n  for  post-abraded  fibers  has  a 
value  of  approximately  20.  as  shown  in  Figure  7. 
although  values  as  high  as  27  have  been  recorded  fol¬ 
lowing  aging  of  abraded  fibers.  Again,  from  a  reliability 
point  of  view,  the  smaller  n  value  of  20  would  be  more 
conservative  and  representative  of  large  flaws,  associ¬ 
ated  with  proof  stress  region,  which  may  or  may  not 
enjoy  the  benefit  of  aging  in  their  final  configuration  in 
service.  Accordingly,  both  the  safe  stress  estimate  and 
fiber  life  estimate  for  long  optical  fibers  should  be 
based  on  the  smaller  n  value. 

Safe  Stress  and  Lifetime  Estimates 

From  users’  points  of  view,  it  is  desirable  to  provide 
an  estimate  of  safe  allowable  stress  which  the  proof- 
tested  fiber  can  support  reliably  throughout  its  function¬ 
al  lifetime.  Such  a  stress  can  be  estimated  by  invoking 
an  appropriate  fatigue  model  and  specifying  an  accept¬ 
able  level  of  flaw  growth  or  strength  loss.  In  view  of  its 
simplicity,  versatility,  familiarity  and  general  acceptabili¬ 
ty,  we  will  use  the  Power  law  model*  in  a  conservative 
manner  to  minimize  the  impact  of  errors  (resulting  from 
assumptions  implicit  in  the  model)  on  safe  stress  esti¬ 
mate.  Instead  of  designing  the  fiber  to  failure  condi- 


*  Furthermore,  Power  law  is  a  first  approximation  of  exponential 
law  as  may  be  verified  by  Taylor’s  series  expansioniT, 


Figure  7.  Strength  vs.  Stress  Rale  Dependence  of  Abraded 
Silica  Fiber  in  Tension  (0.5  m  gage  length) 
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tions,  we  will  design  for  a  surviving  condition  over  a 
long  period  of  time. 

We  can  recast  the  Power  law  as^-^ 

Integrating  equation  1  with  respect  to  time  for  the  case 
of  constant  applied  stress  Og.  the  time  dependent  flaw 
depth  a(t)  is  given  by 


in  which  a^  denotes  initial  flaw  depth,  the  crack 
velocity  at  a  =  a^  and  Og  =  and  n  is  the  fatigue 
parameter.  Expanding  the  right  side  of  eqn.  2  into 
Taylor’s  series  and  retaining  the  first  term  (since 
«1),  we  obtain 


(3) 


At  this  point  we  specify  an  acceptable  flaw  growth  of 
1%  (or  strength  loss  of  0.5%)  after  40  years  of  applied 
stress  Oa=  whence  ^  =  7.9  x  lO"’Sec"’ .  The 
choice  of  1%  flaw  growth  after  40  yrs.  is  arbitrary,  but 
necessary,  to  evaluate  Vg/ao  which,  interestingly,  is 
independent  of  n.  By  specifying  a  negligible  but 
nonzero  flaw  growth  at  Og  s  Oq,  we  have  essentially 
given  a  physical  meaning  to  Og,  namely  the  threshold 
stress.  Furthermore,  at  t  =  ^  and  o  =  Og  we  note 
from  eqn.  3  that  a  =  2ao.  Thus,  the  inverse  of  the  sys¬ 
tem  constant  ^  is  the  time  required  for  the  initial  flaw 

a© 

ao  to  grow  to  23^  at  Og  =  Oq,  which  for  the  arbitrary 
boundary  condition  specified  above  has  a  value  of 
4000  years. 

It  is  also  clear  from  the  form  of  eqn.  1  that  the 

crack  velocity  V  depends  primarily  on  the  stress  ratio 

^  and  fatigue  parameter  n,  i.e. 

Oo 


by  7.9  X  10~12  and  is  insensitive  to  n  for  Og  ~  Oq. 
For  example,  for  <  o  <  1 .05  ,  the  crack  velocity 

V  ranges  between  Vq  and  4  Vq  for  a  wide  range  of  n 
values  representing  silica  fiber  (20  <  n  <  28). 
However,  since  V^,  =  7.9x  lo^’^a^  ,  the  crack  velocity 

V  is  a  linear  function  of  initial  flaw  size  a^  which  is 
physically  consistent  with  the  dependence  of  stress 
corrosion  kinetics  on  activation  volume.^^  It  should 
also  be  noted  from  eqn.  4  that  the  crack  velocity 
remains  relatively  constant  for  a  good  portion  of  fiber's 
functional  life  as  long  as  Og  and  n  remain  constant. 

The  magnitude  of  initial  velocity  for  fibers  with  large 
flaws,  which  have  survived  a  proof  stress  of  50  kpsi,  is 
estimated  from  eqn.  4  to  be  2  x  m/s  at  Og  =  CTq, 
which  agrees  with  previous  estimates.^^  For  the  high 
strength  flaw  corresponding  to  500  kpsi  strength,  the 
initial  velocity  is  two  orders  of  magnitude  smaller  with 
considerably  reduced  level  of  slow  crack  growth  and 
associated  strength  loss.  Thus,  the  large  flaw  is  once 
again  critical  for  assessing  the  impact  of  slow  crack 
growth  on  the  remaining  strength  and  reliability  of  long 
fibers. 

The  threshold  stress  Oq  will  be  defined  as  the  safe 
stress  since  it  limits  the  flaw  growth  to  1%  or  strength 
loss  to  0.5%  over  40  years  of  service  life.  It  can  be 
estimated  from  the  minimum  fiber  strength  Of  mea¬ 
sured  under  fatigue  conditions  at  a  stress  rate  d . 
During  such  a  test,  the  large  flaw  experiences  signifi¬ 
cant  crack  growth  with  the  result  that  the  flaw  ratio 
a(t)/ao  approaches  a  large  number  and  the  quantity  in 
square  brackets  on  the  right  side  of  eqn.  2  becomes 
nonvanishingly  small.  Recalling  that  the  equivalent  sta¬ 
tic  time  for  dynamic  loading  of  fiber  to  a  stress  of  Of  at 
the  stressing  rate  of  6  is  given  by 

t  =—3— 

(n  +  1)d  ^  (5) 


substituting  Og  =  Of  and  t  =  t^  into  eqn.  2,  and  setting 
the  quantity  in  square  brackets  to  zero,  we  obtain  the 
following  expression  for  safe  allowable  stress  o^. 


2a.  AdJ 


1/n 


(6) 


V=Vo(a^Oo)"(a/ao)"''  (4) 

Note  that  for  Og  =  Og  a/ag  increases  from  1  to  1.01 
over  a  period  of  40  years  resulting  in  an  increase  of 
only  10%  in  the  initial  crack  velocity  Vg  for  an  n  value 
of  20.  Furthermore,  the  value  of  Vg  at  <t  =  Og  is  given 


Equation  6  may  be  used  to  estimate  the  safe  stress 
by  substituting  the  minimum  fiber  strength  Of  corre¬ 
sponding  to  the  desired  failure  probability  level  (such 
as  shovm  in  Figure  2).  As  an  example,  assuming  the 
following  representative  values  for  long-length  silica 
fibers, 
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n  =:  20 

6  =  6667  psi/sec  (4%  per  min.  strain  rate) 

Of  _  SOkpsi 

and  recalling  _  7.9x  I0"’^sec-’  •  we  obtain  from 
eqn.  6  the  following  safe  stress  value; 

Og  =  0.30  Of 

i.e.  a  safe  stress  of  30%  of  minimum  fiber  strength 
under  fatigue  conditions  is  predicted  by  the  Power  law 
model  for  silica  fiber. 

This  prediction  has  been  evaluated  at  Corning  by 
loading  100  silica  fibers,  of  2  m  gage  length,  in  deion¬ 
ized  water  to  30%  of  their  proof  stress  value.^®  The 
test  began  in  1977  and  is  still  in  progress.  None  of  the 
fibers  has  failed  over  the  past  15  years.  Granted,  these 
were  shorter  lengths  of  fibers.  However,  as  shown  in 
Figure  8,  their  strength  distribution  included  flaws 
approaching  100  kpsi  (the  proof  stress  level).  The  cor¬ 
responding  flaw  depth  was  0.75  pm,  or  two  orders  of 
magnitude  larger  than  the  crack  tip  radius.  Such  a  flaw 
qualifies  as  a  Griffith  flaw^  (i.e.  large  flaw)  and  may  be 
modeled  by  Power  law  fatigue  model.^ 

From  users'  points  of  view  it  is  more  desirable  to 
express  the  safe  stress  Cg  in  terms  of  proof  stress  Op. 
This  is  not  as  straightforward  a  task  as  expressing  Oq 
in  terms  of  fatigue  strength  <j|  because  the  assumption 
leading  to  eqn.  6,  namely  a(t)/ao  approaching  a  large 
number  during  strength  testing,  is  no  longer  justified 
during  proof  testing  of  silica  fibers.  Traditionally,  how¬ 
ever,  Og  =  0.3  Op  has  been  adopted  for  ensuring  a  reli- 


Breaklng  Stress  (kpsI) 

60  100  180  300  500 


Breaking  Stress  (GPa) 


Figure  8.  Strength  Distribution  of  2  m  Long  Silica  Fiber,  Proof- 
Tested  at  100  kpsi,  and  Subjected  to  30  kpsi  Static 
Stress  in  Deionized  Water  for  IS  Years 


able  performance  of  glass  and  ceramic  products  in 
general.^’37'^2  Furthermore  Og/Op  values  of  0.2  to  0.4 
have  also  been  reported  in  the  literatures  ^^  depending 
on  the  n  value  and  proof  test  conditions. 

For  the  specific  case  of  long-length  silica  fibers 
with  large  flaws,  the  grovyrth  of  such  flaws  is  negligible 
during  proof  testing  due  to  two  orders  of  magnitude 
higher  strain  rate,  particularly  during  unloading,^  than 
that  used  during  strength  testing  in  fatigue  environment 
(room  temperature  and  humidity).  However,  the  same 
large  flaws  will  experience  stable  crack  growth  during 
strength  testing  due  to  both  the  lower  strain  rate  and 
corrosive  test  environment.  The  resulting  minimum 
strength  Of  is  reduced  to  below  the  Op  value  depending 
on  the  strain  rate.  An  estimate  of  strength  reduction, 
relative  to  Op,  can  be  obtained  from 

(T,/CTp  =  Va^^  (7) 

in  which  the  crack  growth  term  (af/  a^)  is  given  by  eqn.  2. 
Substituting 

Vq/  ao  =  7.9  X  10“''2  sec"'' 

n  =  20 

Oa/Oo  =  Of/Oo  =  ^ 

t  =  — 3_ 

(n+1) d 

and 

o  =  6667  psi/sec  (4%  per  min.  strain  rate) 

in  eqn.  2,  it  may  be  verified  that  a^l  a^  ratio  ranges  from 
1.08  to  1.96  and  Of/  Op  ratio  ranges  from  0.96  to  0.71 
for  Of  values  ranging  from  35  to  68.5  kpsi.  Thus,  the 
minimum  strength  can  range  from  71%  to  96%  of  proof 
stress  value  depending  on  initial  flaw  size  and  test  con¬ 
ditions.  Having  estimated  the  minimum  strength  in 
terms  of  proof  stress,  the  safe  stress  Og  can  now  be 
expressed  as 

Og  =  0.3  o,  =  0.21  to  0.29  Op 

It  should  be  pointed  out  that  in  addition  to  strength 
reduction  due  to  fatigue  as  discussed  above,  the  fiber 
may  also  encounter  accidental  damage  during  han¬ 
dling,  shipping  and  cabling  processes,  following  proof 
testing,  which  could  reduce  the  strength  further.  Thus, 
for  an  ultraconservative  design,  the  safe  stress  can  be 
as  low  as  0.2  Op. 

The  above  discussion  relates  to  limiting  the  fiber 
stress  to  a  safe  level  Og  thereby  promoting  its  reliabili¬ 
ty.  If  the  applied  stress  exceeds  the  safe  value,  i.e. 
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5b.  >  1  ,  the  crack  growth  will  be  larger,  as  shown  by 
eqn.  2,  and  the  fiber  life  will  be  shorter.  An  estimate  of 
fiber  life  t  =  tg  corresponding  to  an  applied  stress  is 
obtained  by  substituting  03=  Og  in  eqn.  2  and  letting  the 
quantity  in  square  brackets  approach  zero.  We  obtain 


It  may  be  verified  from  eqn.  8  that  for  n  =  20,  the  fiber 
life  is  reduced  by  an  order  of  magnitude  if  Og  -  1 .12  Oq 
and  by  two  orders  of  magnitude  if  ~  1.26  relative 
to  its  value  at  Og  =  Oq.  Thus,  a  small  increase  in 
applied  stress  can  lead  to  significant  reductions  in  fiber 
life  pointing  out  the  importance  of  not  only  defining  the 
applied  stress  accurately  but  controlling  it  to  promote 
fiber  reliability.  Again,  the  large  flaw  becomes  the  dri¬ 
ving  factor. 

An  alternate  approach  to  assessing  the  effect  of 
applied  stress  on  fiber  reliability  is  to  estimate  crack 
growth  from  eqn.  2  or  3  and  examine  its  impact  on 
fiber  strength  relative  to  proof  stress.  To  this  end,  we 
suppose  that  the  minimum  value  of  initial  fiber  strength 
was  Oq,  the  proof  stress  value,  and  corresponded  to  an 
initial  flaw  of  depth  a,,.  Following  the  application  of  a 
stress  Og  >  for  time  t,  the  initial  flaw  would  have 
grown  to  a(t)  given  by  eqn.  2  or  3.  With  the  new  flaw 
a(t)  >  Bq,  the  fiber  would  survive  a  proof  stress  Op 
given  by 

Op'  VaflT  =  (9) 


Since  a(t)  >  a,,,  Op  <  Op  i.e.  the  fiber  strength  is 
reduced.  Table  2  computes  the  strength  reduction  in 


Table  2 

Effect  of  Crack  Growth  on  Strength  Loss  with  Time 

a(40  yrs) 

a., 

Strenoth  Reduction 

1.0 

1.01 

0.995 

0.5% 

1.1 

1.0673 

0.968 

3.2% 

1.2 

1.3834 

0.850 

15% 

1.3 

2.900 

0.587 

41.3% 

1.33 

4.0 

0.5 

50% 

silica  fiber  after  40  years  of  slow  crack  growth  at  Og 
values  larger  than  safe  stress  Oq- 
table  that  the  fiber  would  experience  a  significant 
strength  reduction  if  Og  exceeded  the  safe  stress  by  a 
small  amount  thereby  jeopardizing  its  long-term  relia¬ 
bility. 

The  above  discussion  points  out  the  need  for  limit¬ 
ing  the  long-term  stress  in  silica  fiber  to  20  to  30%  of 
its  proof  test  value  to  enhance  its  reliability.  This  means 
that  both  the  proof  stress  and  the  applied  stress  should 
be  measured  accurately.  In  addition,  since  the  fatigue 
parameter  n  can  have  a  range  of  values,  depending 
on  test  conditions,  the  smallest  of  these  values  should 
be  used  in  eqn.  6  to  estimate  the  safe  stress  for  reli¬ 
able  performance  of  optical  fiber.  Finally,  the  imoor- 
tance  of  proper  technical  training  of  personnel  involved 
in  manufacturing,  handling  and  utilization  of  fiber  in 
cables  and  other  structures  cannot  be  over  empha¬ 
sized  in  terms  of  reducing  the  severity  and  frequency 
of  large  flaws. 

Summary 

The  key  points  of  this  paper  may  be  summarized 
as  follows: 

1.  Large  flaws  affect  both  the  fast  fracture  and  time 
dependent  fracture  of  long-length  optical  fibers, 
hence  their  frequency,  morphology  and  stable 
growth  under  specified  stress  and  environment  are 
more  critical  to  assessing  fiber  reliability  than  those 
of  smaller  flaws  commonly  studied  and  reported  in 
the  literature. 

2.  The  recently  developed  continuous  fiber  strength 
tester  is  invaluable  in  obtaining  the  strength  distrib¬ 
ution  of  long  fibers  for  stress  regimes  approaching 
proof  stress  level.  Despite  the  large  volume  of  fiber 
consumed,  the  resultant  distribution  extending  to 
very  low  failure  probabilities  is  indispensable  for 
assessing  fiber  reliability. 

3.  Care  must  be  exercised  in  minimizing  the  source, 
the  frequency  and  the  severity  of  large  flaws  during 
fiber  manufacturing  via  quality  architecture  of  high¬ 
est  standards.  Once  manufactured  under  these 
conditions,  further  growth  of  such  flaws  must  be 
minimized  and  fiber  strength  preserved  during  stor¬ 
age,  handling,  shipping  and  utilization  of  fiber  as  it 
is  cabled  and  deployed  in  service. 

4.  Large  flaws  behave  differently  than  small  flaws  dur¬ 
ing  zero  stress  aging.  The  former  demonstrate 
crack  tip  blunting  with  a  beneficial  effect  on  initial 
strength  distribution,  while  the  latter  exhibit  crack  tip 
sharpening  resulting  in  a  shift  in  high  strength  distri¬ 
bution.  Despite  such  shift,  fiber  reliability  is  affected 
much  more  by  the  large  flaws  than  small  flaws. 
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5.  Fiber  users  must  define  the  stress-time  history,  both 
during  installation  and  long  term  service,  and  the 
use  environment  so  that  fiber  reliability  under  these 
conditions  can  be  assessed  by  fiber  manufacturers 
with  the  aid  of  relevant  data  and  models.  Such  a 
close  coordination  between  fiber  manufacturers  and 
users  is  imperative  for  optimizing  fiber  reliability. 

In  addition  to  these,  the  paper  points  out  the  impor¬ 
tance  of  controlling  proof  test  and  aging  procedures, 
and  using  an  appropriate  fatigue  model  and  fatigue 
constant  to  arrive  at  a  safe  allowable  .stress: 

i.  Flaw  growth  during  proof  testing  and  the  associated 
strength  loss  can  be  minimized  by  using  a  high 
strain  rate  during  unloading. 

ii.  The  time  dependent  strength  behavior  of  large 
flaws  under  stressed  or  unstresseo  conditions  pro¬ 
vides  the  most  relevant  aging  and  fatigue  data  for 
estimating  both  the  safe  allowable  stress  and  the 
lifetime  of  long  optical  fibers  with  high  degree  of  reli¬ 
ability. 

iii.  The  use  of  Power  law  fatigue  model  is  better  justi¬ 
fied  for  large  flaws  than  small  flaws  because 

•  they  fit  the  Griffith  flaw  definition,^ 

•  Inglis’  stress  concentration  solution  is 
applicable,^ 

and 

•  Inwin's  stress  intensity  expression  used  in  fatigue 
models  is  valid.'^ 

iv.  The  safe  allowable  stress  based  on  Power  law  and 
the  large  flaw  fatigue  behavior  is  estimated  to  be  20 
to  30%  of  proof  stress  value.  Under  such  a  stress 
the  maximum  flaw  growth  and  associated  strength 
loss  in  a  long  fiber  will  be  limited  to  1%  and  0.5%, 
respectively,  over  a  period  of  40  years — values  that 
are  acceptable  to  fiber  users. 

V.  The  expression  for  lifetime  estimate,  based  on 
Power  law  and  the  large  flaw  fatigue  behavior, 
shows  that  small  increases  in  safe  allowable  stress 
can  result  in  significant  crack  growth  and  loss  of  ini¬ 
tial  strength  thereby  jeopardizing  fiber  reliability. 
Thus,  an  accurate  estimate  and  proper  control  of 
safe  allowable  stress  are  critical  to  fiber  reliability. 
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Abstract 

Measurements  on  fibres  from  different  manufacturers 
in  water  are  presented.  The  fibres  were  also  tested 
in  ribbons,  in  tight  coatings  and  in  cables.  Fatigue 
knees  and  stress-free  ageing  were  observed.  A  clear 
correlation  between  mechanical  behaviour  of  the 
fibres  and  parameters  from  these  fibres  and  their 
environments  was  not  found.  Three  models  to  explain 
the  anomalous  mechanical  behaviour  of  the  fibres  in 
water  are  discussed,  one  of  these  explaining  fatigue 
knees,  stress-free  ageing  and  the  formation  of  pits 
qualitatively.  With  such  a  model  it  should  be 
possible  to  estimate  lifetimes  of  the  fibres  in 
service,  based  on  properly  specified  measurements. 

Introduction 

Recently  the  rate  at  which  metal  free  fibre-optic 
cables  are  being  install sd  has  Increased 
dramatically.  This  has  been  done  to  save  costs  and 
also  to  fully  exploit  the  benefits  of  the  dielectric 
optical  fibre,  such  as  the  insensitivity  to 
lightning  and  the  absence  of  hydrogen  formation 
caused  by  metal  corrosion.  The  use  of  metal  free 
cables  brings  with  it  the  risk  of  the  fibres  being 
surrounded  by  water.  In  that  case  the  description  of 
fibre  failure  with  stress -induced  corrosion  [1] ,  the 
basis  for  most  optical  fibre  lifetime  models,  is  no 
longer  valid.  Fatigue  knees,  found  in  the 
static -fatigue  behaviour  of  optical  fibres  immersed 
in  water,  are  a  reason  to  question  whether  existing 
lifetime  estimations  of  the  fibres  are  realistic 
[2,3,4].  Another  anomalous  effect  which  is  found  is 
stress-free  ageing  [3, 4, 5, 6].  Long  running 
(double-mandrel  [7])  static-fatigue  experiments  in 
water  and  dynamic -fatigue  (pulling  and  2-point 
bending  [8])  experiments  after  stress-free  ageing  in 
water  are  carried  out  in  this  work.  These 
measurements  were  performed  on  standard  fibres 
(different  manufacturers) ,  tight-coated  fibres  and 
fibre  ribbons  in  water,  also  in  a  cable  environment. 
Three  models  to  explain  the  anomalous  behaviour  of 
the  fibres  in  water  are  discussed. 


Measurements 

Fatigue  knees  were  observed  with  static-fatigue 
double -mandrel  experiments  on  standard  fibre  A  [4] 
(see  Figure  1^.  The  fibres  were  placed  in  water  of 
30,  40  and  50  C  and  a  pH-value  of  about  7,  The 
n-values  (corrosion  susceptibilities),  obtained  from 
the  slopes  in  Figure  1,  decrease  from  21-25  to  6-8 


3  4  5 


Figure  1  Median  time  to  fracture  t^  as  a  function  of  mandrel 
diameter  for  standard  fibre  A  in  water  of  30,  SO  and  50  C. 

after  the  knees.  With  n-values  of  6-8  no  sufficient 
lifetime  of  an  optical  fibre  is  possible.  Bending  of 
the  fibre  with  a  bend  radius  of  1  m  would  already 
cause  fracture  [9]  in  service. 

In  order  to  investigate  whether  the  fatigue  knee 
is  indeed  a  change  in  corrosion  susceptibility,  also 
experiments  were  performed  where  the  (same)  fibre 
was  aged  under  stress  free  conditions .  In  this  way 
effects  of  stress  and  time  can  be  separated.  With 
2-point  bending  a  decrease  in  fibre  strength  is 
observed  when  the  fibre  is  stored  (almost)  stress 
free  in  water  [4]  (see  Figure  2).  This  decrease  was 
also  present  under  inert  conditions  (vacuum)  and 
with  Scanning  Tunneling  Microscopy  (STM)  the 
formation  of  pits  was  shown  [4] .  These  effects 
should,  just  as  the  fatigue  knee,  not  occur 
according  to  the  theory  of  stress -induced  corrosion, 
which  is  commonly  used  to  estimate  lifetimes  of 
fibres  in  service  [9] .  Probably  the  fatigue  knees 
are  caused  by  stress-free  corrosion,  superposed  on 
the  (normal)  stress -induced  behaviour.  It  is  still 
unclear  how  these  two  effects  work  together.  It 
should  be  noted  that  after  ageing  under  stress -free 
conditions,  no  measurable  change  in  n-value  was 
found  [4] . 

Later  more  fibres  were  investigated  in  water  as 
a  part  of  a  COST-218  round  robin,  now  under  better 
defined  conditions.  In  the  preceding  experiments  the 
fibres  were  directly  placed  in  the  (large)  water 
reservoirs  of  the  temperature  baths.  Now  the  fibres 
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FlgUr6  2  Median  strain  at  fracture  (2*point  bending  with 
10  n/s)  as  a  function  of  imnersion  time  in  water  from  20  to  60  C 
for  standard  fibre  A. 

were  placed  in  well  defined,  water  filled, 
poly-ethylene  (PE)  containers.  For  each  100  m  of 
optical  fibre  one  liter  of  water  was  used.  In  the 
"let  go"  experiments  the  pH- value  now  dropped  to  a 
value  between  5  and  7.  The  speeds  of  the  2-point 
bender  were  also  changed,  unfortunately  resulting  in 
a  lower  accuracy  of  the  measured  n-value.  Standard 
fibres  B,  C,  D  and  E  were  aged  stress  free  in  water 
of  40^and  60  C.  The  results  are  shown  in  Figure  3. 

At  40  C  only  one  fibre  (D)  dropped  continuously  in 
strength.  Two  fibres  (B,C)  increased  in  strength 
after  an  initial  dip,  and  one  fibre  (E)  increased 
continuously  in  strength.  At  60  C  the  fibre  E  also 
increased  continuously  in  strength.  The  strength  of 
fibre  D,  but  now  also  fibre  C,  dropped  continuously. 
The  strength  of  fibre  B  remained  remarkably 
constant.  Visually  nothing  happened  to  fibre  E, 
while  the  other  fibres  changed  in  colour,  showed 
shiners  or  even  loo  ening  of  their  coating. 

In  the  same  environmental  conditions  as  for  the 
COST- 218  round  robin,  also  some  special  fibres  were 
tested  (see  Figure  4) .  The  first  fibre  (F)  was 
experimental .  This  fibre  showed  a  good  mechanical 
behaviour,  but  its  coating  looked  rather  poor.  The 
second  fibre  (G)  was  an  experimental  multimode  fibre 
with  zero  residual  surface  stress.  This  test  was 
done  to  check  if  the  small  residual  stress  was 
responsible  for  the  ageing  under  supposed  stress 
free  conditions  [4] .  It  turned  out  that  this  fibre 
also  showed  a  large  stress  free  ageing.  The  third 
fibre  (H)  was  a  carbon  coated  fibre.  This  fibre  is 
supposed  to  behave  inert,  and  indeed  no  weakening 
was  observed.  The  last  experimental  fibre  (I)  was 
titanium  doped.  This  fibre  possesses  even  a 
compressive  residual  surface  stress.  Stress  free 
ageing  occurs  still  but  stabilizes  after  a  while, 
just  as  with  fibre  G  but  a  little  earlier.  With  the 
special  fibres  no  clear  differences  in  behaviour 
were  found  for  different  temperatures .  The  effects 
were,  of  course,  larger  at  60  C. 

For  comparison  also  fibre  A  is  tested  in  the 
COST-218  conditions.  The  ageing  is  now  a  factor  of  2 


Figure  3  Median  strain  at  fracture  (2~point  bending  with 

10^^  m/s)  as  a  function  of  iimersion  time  in  water  at  a)  40  and  b) 
60  C.  The  standard  fibres  B  (circles),  C  (squares),  D  (triangles, 
top  up)  and  E  (triangles,  top  down)  were  measured  for  a  COST-218 
round  robin. 

less  than  in  the  old  test  condit..ons,  probably 
caused  by  the  lower  pH-values  in  the  COST- 218 
conditions.  In  the  COST-218  tests  again  no  changes 
in  n-values,  within  measuring  accuracy,  are  found. 
Sometimes  a  weaker  flaw  is  found,  but  with  a 
strength  considerably  higher  than  for  real  weak 
flaws  (the  extrinsic  distribution  [9].  They  should, 
however  not  occur,  according  to  extrapolation  of  the 
Weibull  plots  (with  values  of  the  Weibull  parameter 
m  down  to  10) .  Testing  on  longer  samples  is 
therefore  recommended  to  investigate  this  effect.  In 
the  following  tests  longer  samples  are  measured,  and 
indeed  the  stress  free  ageing  (of  uncabled  samples) 
looks  more  severe  there . 

The  environment,  not  only  water  but  also  e.g. 
the  filling  gel,  is  important  for  the  ageing  of  the 
fibres.  Because  the  fibres  themselves  also  influence 
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■i  »  Ageing  (months) 


'  »  Ageing  (months) 


Flours  4  Median  strain  at  fracture  (2-point  bendins  with 

10~^  m/s)  as  a  function  of  ianersion  time  in  water  at  a)  40  and  b) 
o 

60  C.  The  fibres  F  (circles),  6  (s<;uare8),  B  (triansles,  top  up) 
and  1  (triangles,  top  down)  were  special  types:  F  is  experioiental, 

6  experimental  (zero  surface  stress).  H  carbon  coated  and  I 
titanium  doped. 

their  environment,  the  geometrical  confinement 
around  the  fibres  is  alfo  important.  Therefore  it 
was  decided  to  perform  tests  in  (metalfree)  cables, 
placed  in  water  [10],  These  cables  were,  together 
with  their  reference  fibres,  immersed  in  large, 
water  filled,  milk  containers  with  temperatures  of 
60  and  80  C.  In  these  "let  go"  experiments,  now 
again  with  a  large  volume  of  water,  the  pH-value 
remained  around  7.  Two  cable  types  were  tested.  Both 
are  "slotted  core"  types.  One  cable  is  filled  with 
fibre  ribbons  and  with  gel.  The  other  (Indoor)  cable 
is  filled  with  tight-coated  fibres,  but  not  with 
gel.  The  latter  cable  was  difficult  to  saturate  with 
water  [10] .  Therefore  the  60  C  cable  was 
artificially  filled  with  water  after  3  months.  For 
the  ribbon  cable  it  was  estimated  that  water 


saturation  occurs  after  one  day  [10].  A  third  cable 
type,  a  gelly  filled  loose  tube  cable  with  coloured 
fibres,  was  not  available  with  its  reference  fibres 
at  the  moment  of  starting  the  tests .  Therefore  the 
loose  tubes  were  immersed  in  water  instead  of  the 
cables.  All  fibres  in  the  "cable  tests"  are  of  the 
same  t)rpe  as  the  previous  tested  standard  fibre  C. 


e  ttmonths) 


"  »  t(months) 


— ♦  t(months) 

Figure  5  Hsdlan  strnisth  (7,j  o£  0,5  d  samples  (dynmsic  pulling 

with  50  on/mln)  as  a  function  of  tha  iimarsion  tinia  in  water,  of  a) 

Standard  fibres  (C),  b)  ribbons  and  c)  tight-coated  fibres.  Circles 

o 

snd  squsrss  rsprsssnt  tsmpsrsturss  of  60  and  BO  C  raspsctivsly .  Tha 
opan  and  solid  s)niibol8  raprasant  direct  inaarsion  in  water  and 
protection  by  cable  (loose  tubes)  respectively. 
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The  measurements  were  done  on  0.5  m  samples  with 
an  Instron  tensile  tester.  This  tester  was  situated 
in  a  climate  chamber  (20  C,  50%RH)  in  which  the 
fibres  were  stored  for  on  week  advancing  the  tests. 
First  the  ribbon  was  fractured  as  a  whole,  giving 
information  about  the  weakest  fibre  in  the  ribbon. 
Later  the  ribbons  were  peeled,  and  the  fibres 
measured  separately.  It  turned  out  that  a  whole 
ribbon  Indeed  fractures  when  the  weakest  fibre 
fractures .  The  data  can  be  found  in  Figure  5 .  The 
standard  fibres  showed  a  large  stress  free  ageing  in 
water.  At  80  C  the  strength  even  dropped  down  to  0.8 
GPa  showing  a  large  spread  (m-value  of  5;  this  means 
that  values  down  to  0.4  GPa  are  observed),  while  the 
process  is  still  going  on.  With  longer  test  lengths 
even  lower  strengths  are  expected.  This  is  in 
contrast  with  reported  observations  that 
artificially  abraded  fibres,  with  strengths  around 
the  proof  test  level,  increase  in  strength  after 
immersion  in  water  [11,12].  In  the  cable  the  ageing 
of  the  fibres  was  much  less .  Remarkable  is  the 

o 

recovery  in  strength  after  two  months  of  the  80  C 
sample .  It  looks  as  if  the  strength  at  both 
temperatures  remains  constant  at  a  value  of  4.2  GPa 
after  2  months . 

The  ribbons,  and  especially  the  tight-coated 
fibres  (the  latter  fibres  seem  about  1  GPa  stronger 
because  of  the  contribution  of  the  tight  coating  to 
the  measured  force)  clearly  weakened  less  than  the 
bare  (primary  coated)  standard  fibres .  For  the 
samples  that  were  not  protected  by  the  cable,  also  a 
constant  strength  level  was  reached.  For  the 
tight-coated  fibre  this  level  is  the  scime  for  both 
temperatures .  Especially  the  behaviour  of  the 
ribbons  is  remarkable.  The  protection  of  the  ribbon, 
the  matrix  material,  consists  of  Just  another  layer 
of  uv-acrylate,  with  physical  properties  close  to 
those  of  the  outer  layer  of  the  primary  coating  of 
its  fibres .  Further  in  this  paper  it  is  shown  that 
changes  from  spool  to  spool  in  the  properties  of 
the,  as  received,  standard  fibre  can  be  a  reason  for 
the  apparent  protection:  the  bare  samples  were  from 
another  spool  than  the  fibres  in  the  ribbon.  The 
ribbons,  aged  in  the  cable,  showed  hardly  any 
effect.  The  tight-coated  fibres  even  increased  in 
strength  after  ageing  in  the  water  Immersed  cable. 
Filling  of  the  latter  cable,  from  the  60  C 
container,  with  water  did  not  result  in  any 
measurable  change  in  the  ageing  behaviour. 

In  order  to  chec.»  the  protective  working  of  the 
ribbon  material,  ribbons  with  their  reference  fibres 
from  the  same  spool  were  aged  in  water.  In  ribbon  1 
the  standard  fibre  C  is  used  and  in  ribbon  2  an 
experimental  fibre  J.  The  ageing  in  ribbon  1  (see 
Table  1)  was  now  more  serious  than  in  the  same  type 
of  ribbons  (it  should  be  mentioned  that  both  ribbons 
were  still  experimental)  from  the  previous  tests  in 
water.  Now  the  individual  fibres  in  the  ribbons 
showed  also  a  different  behaviour  in  ageing.  This  is 
not  solely  caused  by  the  ribbon  manufacturing 
process;  The  untreated  standard  fibres  also  showed 
different  behaviour  in  ageing.  Sometimes  the  fibres 
in  the  ribbon  were  even  weaker  than  their  reference 
fibres.  This  can  however  be  caused  by  hard  ribbon 
residues  that  influenced  the  results  from  the  peeled 
ribbon.  The  results  from  ribbon  2  looked  a  little 
different,  e.g.  the  spread  in  strengths  is  less.  But 
still  a  predictable  behaviour  is  not  present. 

Finally  results  from  double -mandrel  static- 


fatigue  measurements,  on  ribbons  in  water  of  50°C, 
are  shown  in  Figure  6  [10].  The  ribbon  is  another 
experimental  ribbon  with  fibres  C.  Again  "fatigue 
knees"  are  clearly  visible.  The  different  fibres  in 
the  ribbon  show  a  slightly  different  behaviour. 


Table  1 

Dynamic  atrangth  (pulling  speed  SOam/s)  at  fibres  from  ribbons  and 
their  separate  fibres  before  the  colouring  and  ribbon  production . 
Results  are  given  in  GPa.  before  and  after  ageing  in  water  for  1 
month 

Ribbon  1 


Environment 

bare 

samples 

from  ribbon 

Colour 

\ 

ref 

60“c 

80°C 

ref 

60°C 

80°C 

Red 

5.00 

2.32 

2.14 

4.79 

2.93 

2.55 

Blue 

4.74 

3,002 

2.312 

4.88 

2.301 

2.381 

White 

4.83 

— 

4.85 

2.78 

2.41 

Green 

5.00 

3.29 

2.99 

5.02 

3.75 

3.64 

Ribbon 

2 

Environment 

bare 

samples 

from  ribbon 

Colour 

\ 

ref 

60°C 

80°C 

ref 

60°C 

80°C 

Red 

4.84 

3.75 

3.40 

4.68 

4.04 

3.00 

Blue 

4.91 

3.40 

2.72 

4.81 

4.272 

3.942 

White 

4.95 

3.46 

3.30 

4.76 

4.04 

3.18 

Green 

4.94 

3.67 

3.44 

4.76 

4.10 

3.25 

^  Difficult  to  peel  (hard  ribbon  residues) 

2 

One  fibre  was  1  GPa  stronger  than  the  rest 
^  Colour  removed  by  peeling 


6  Median  time  to  fracture  as  a  function  of  mandrel 
dieoeter  (J„  for  fibres  C  in  e  ribbon  in  water  of  50  °C. 
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Search  for  Models 

The  behaviour  of  optical  fibres  in  water  is  often 
not  predictable.  It  depends  on  environment  (e.g. 
temperature,  water,  pH-value  and  cabling)  and  on  the 
fibre  itself,  probably  especially  on  its  primary 
coating.  It  would  be  extremely  difficult  to  predict 
ageing  in  water,  based  upon  the  mentioned 
parameters .  In  this  paper  it  is  suggested  not  to 
bother  about  mentioned  dependence,  but  rather  to  try 
to  find  a  specification  for  measuring  methods  that 
can  be  used  as  a  basis  for  lifetime  estimations  for 
fibres  in  water.  For  this  a  physically  sound  model 
is  necessary  that  explains  the  anomalous  behaviour, 
such  as  stress -free  ageing  and  fatigue  knees.  In  [4] 
an  attempt  was  made  by  still  using  the  power  law 
with  constant  n-value  (observed  with  measurements), 
but  with  a  time  dependent  B -value.  The  latter 
assumption  was  based  upon  a  change  in  corrosion 
speed  due  to  a  change  in  direct  chemical  environment 
of  the  fibre  surface  during  ageing.  After  fitting 
the  B-value  to  the  measured  stress-free  ageing, 
fatigue  knees  were  obtained  that  matched  the 
measured  knees  quite  reasonable.  The  observed  pits 
(using  STM)  and  decreases  in  inert  strengths  after 
stress-free  ageing  were  however  not  explained  [4] . 

For  another  attempt  to  explain  stress-free 
ageing,  let  us  return  to  the  basics.  Instead  of  the 
power  law  a,  physically  sounder,  exponential  law 
[13]  is  used,  in  which  the  speed  of  crack  growth 
da/dt  is  given  by: 

da  r-En+bJf.'l 

Here  Vq  is  a  scale  constant,  R  the  gas  constant 
(8.31  J/K) ,  T  the  temperature,  Eq  the  zero-stress 
activation  energy  and  b  a  value  which  usually  is 
assumed  constant  [14]  (this  is  the  same  as  assuming 
the  n-value  constant  when  using  the  power  law) .  The 
exponential  law  has,  in  principle,  a  part  which 
describes  stress-free  ageing  (the  term  with  Eg). 

This  stress-free  ageing  will  be  relatively  maximal 
when  the  initial  crack  is  very  small .  Inert 
measurements,  in  which  the  strengths  approach  the 
theoretical  limit  [8],  even  suggest  that  optical 
fibres  are  pristine.  A  description  with  very  small 
flaws  (order  of  inter-atomic  spacing) ,  all  of  them 
about  of  the  same  size,  which  is  necessary  to  fit 
experimental  data,  is  unrealistic  [15,16].  Therefore 
further  analysis  is  made  with  the  assumption  that 
the  initial  flaw  size  is  zero  (the  statistical 
nature  of  the  first  bond  breaks  and  possible 
diameter  variations  of  the  fibre  explain  why  a 
spread  in  measured  strengths  occurs) .  In  this  case 
the  "sharp  crack"  assumption  (Griffith  [17])  of  the 
calculated  stress  concentration  around  a  crack 
(Inglis  [18])  is  no  longer  valid.  Notation  with  a 
stress-intensity  factor  Ki  [19]  now  results  in: 

JCi  -  (y/a+Cp)a,  (2) 

In  this  equation  y  is  a  geometrical  constant  (1.24 
for  a  semi-circular  crack  [20])  and  is  a 
constant,  which  becomes  important  for  pristine 
fibres .  The  inert  strength  Sj  for  an  initial  crack 
size  a^  follows  with  (2)  for  Ki  equal  to  Ki^: 

Si - (3) 

y/a7+Cp 


With  ATic  =  0.8  MPam^^^  [20]  a  pristine  inert 
strength  (a^-O)  of  12  GPa  [4]  results  in  = 
6.7xl0‘^^^2.  For  constant  stress  ct,,  equations  (1) 
and  (2)  can  be  solved  analytically.  Two  solutions 
are  of  importance.  First  the  ageing  under  stress 
free  conditions  results  in: 

a  -  Vg  expj^-^j-C  (4) 

The  second  important  solution  is  the  fracture 
condition  under  static  stress.  In  [13]  it  is  pointed 
out  that,  just  as  in  the  derivation  for  the  static 
condition  for  fracture  using  the  power  law  [8] ,  it 
is  a  good  approximation  if  the  crack  size  at 
fracture  is  taken  infinity.  Hence  follows: 

logt  +  21ogo^  -  Cl  -  C2CT,  (5) 

with  the  (temperature  dependent)  constants  Cj  and 
C^: 

c,  =  log[y  +  21og[|]  +  §log(e)  (6) 

C2  =  gtlog(e)  (7) 

This  equation  differs  from  the  one  in  [13],  where 
bya^/a^/RT  is  assumed  much  larger  than  1,  while  a^ 
is  assumed  zero  in  this  paper.  In  [14]  a  same  kind 
of  relation  as  (5)  was  reported.  There  this  relation 
was  used  to  find  an  explanation  for  the  fact  that 
optical  (pristine)  fibres  show  lower  n-values  (about 
20)  than  bulk  silica  (about  40) ,  with  (larger) 
flaws.  In  this  paper  the  relation  is  used  to  find  an 
explanation  for  the  "fatigue  knees".  When  the  data 
from  the  plot  with  "fatigue  knees"  from  Figure  1  are 
plotted  according  to  (5),  as  logt+21og(7,  against 
logo,,  these  knees  indeed  become  less  clear  but  do 
not  completely  disappear  (see  Figure  7) .  The  fits  do 
also  not  match  with  the  inert -strength  data  of  aged 
fibres  from  [4] ,  when  using  (3)  and  (4) .  Even  when  a 
time  dependent  Eg -value  is  taken  to  fit  the  curves 
(same  operation  as  time  dependent  B-value  in  [4]), 
flaw  depths  (pits)  much  smaller  than  one  bond 
rupture  are  found  for  stress -free  ageing  during  7 
months  in  water.  This  does  not  fit  with  the  measured 
stress-free  ageing  in  Figure  2  and  with  the 
decreases  in  inert  strengths  and  observed  (STM)  pit 


Figure  7  static  fatigue  (double  mandrel)  tests  in  weter  of  30. 
*0  and  50  degrees  Celsius  from  Figure  1,  plotted  according  to  (5). 
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sizes  in  [4J.  Clearly  a  solution  of  flaw  sizes  less 
than  one  bond  rupture  has  no  physical  meaning.  This 
means  that  in  that  case  a  treatment  with  discrete 
bond  ruptures  is  necessary  instead  of  the  presented 
continuous  theory.  Work  on  this  subject  is  currently 
in  progress ,  but  it  is  not  expected  that  the 
mentioned  large  differences  can  be  explained. 

The  third  attempt  to  relate  stress -free  ageing 
with  fatigue  knees  makes  use  of  the  only  thinkable 
assumption  left;  the  reaction  agent  for  stress- free 
ageing  is  not  the  same  as  for  the  stress -induced 
crack  growth.  Stress -free  ageing  is  an  etching 
process  to  which  all  possible  aggressors  can 
participate.  Stress -induced  crack  growth  is, 
however,  only  possible  with  aggressors  that  fit  into 
the  narrow  crack  and  reach  the  tip,  where  the  bond 
ruptures  occur.  Chemical  analysis  of  the  reaction 
products  during  stress-free  ageing,  e.g.  with 
infrared  spectroscopy  [21],  would  be  useful  to  prove 
above  mentioned  assumption.  In  this  model  it  is 
assumed  that  the  etching  and  stress -corrosion 
processes  work  independent  of  each  other.  The 
etching  causes  roughening  of  the  surface,  without 
the  occurrence  of  sharp  cracks  (this  is  also  how  an 
aged  fibre  surface  looks  like  under  a  STM  [4]).  In 
the  bottom  of  the  pits ,  sharp  cracks  may  nucleate 
and  propagate,  caused  by  stress- induced  corrosion 
(see  Figure  8).  It  is  assumed  that  the  sharp  crack 
is  much  smaller  than  the  pit  (for  stress -induced 
corrosion  especially  the  first  bond  ruptures  are 
Important  for  the  time  at  which  the  crack  causes 
fracture)  and  "sees"  a  uniform  stress  ffpiti  which  is 
the  concentrated  stress  at  the  bottom  of  the  pit. 
Assume  that  the  (non  uniform)  etching  of  the  fibre 
surface  results  in  the  formation  of  pits  and  that 
the  inert- strength  decrease  due  to  this  can  also  be 
described  with  equations  as  (3)  and  (4).  In  that 
case  follows: 

Sj - £ls -  (8) 

y/v7exp(-Fo/2iSr)«/?  + 

Define  as  the  quotient  between  inert  strengths 

at  t-0  and  at  t-t: 

fpit  - 

The  pits  are  not  sharp  and  as  a  consequence  the 
parameters  in  (8)  and  (9)  have  a  different  meaning. 
In  the  following  the  dependency  of  fpit  as  a 
function  of  time  is  of  importance.  The  only 


Figure  8  Hod*I  tor  a  sharp  crack,  Milch  grows  undar 
strasa-inducad  corrosion,  in  tho  bottoa  of  a  ouch  largar  blunt  pit, 
cauaad  by  atraas-frss  atchlng. 


assumption  is  that  the  "shape"  of  fp^^  in  time  is 
the  same  as  in  (9) .  The  remaining  parameters  are 
fitted  to  the  measurements .  With  measuring  inert 
strengths  after  stress-free  ageing  in  water  of 
different  temperatures  the  unknown  parameters  in  (9) 
can  be  found.  The  data  from  [4] ,  in  which  the  inert 
strength  Sj  (the  dynamic- fatigue  strength  of  this 
fibre  is  shown  in  Figure  2)  drops  from  12  to  6.5, 

4.5  and  2.5  GPa  after  7  months  of  stress-free  ageing 
in  water  of  respectively  40,  50  and  60  C,  result  in 
Eg  -  132  kJ  and  Vp  -  11.2x10^  m/s.  If  fracture 
occurred  when  the  stress  at  the  bottom  of  the  pit 
c7pjp  reached  the  pristine  inert  value  (at  t-0) ,  then 
®pit  written  as  This  time  dependent 

value  of  the  stress  in  the  pit  will  form  the 
starting  point  of  the  combined  etching  and  stress 
corrosion,  used  to  explain  the  knees  in  static- 
fatigue  experiments.  Analytic  solution  of  stress- 
induced  corrosion  using  the  exponential  law  is  not 
possible  when  the  stress  Op^^  depends  on  time  [13], 
Therefore  an  attempt  to  explain  the  knees  is  done 
first,  using  the  power  law  for  the  stress  corrosion. 
This  law  results,  for  a  stress  in  [4]: 


S 


n-2 

I 


0 


dt 


(10) 


Here  n  is  the  corrosion  susceptibility  and  8  is  a 
scale  constant  for  the  speed  of  crack  growth.  With 
(9)  this  equation  can  be  solved  analytically; 


r-fr 

-1  .  foi^'  -I]! 

?nit  ^ 

[  n+2 

n+1  JJ 

Fits  of  (11)  with  a  value  of  n  of  30  and  with  values 
of  log(BSi"'2)  of  288.9,  288.45  and  288.5  for 
respectively  30,  40  and  50  C  are  drawn  in  Figure  9, 
together  with  the  measured  data  from  Figure  1.  In 
this  case  the  theory  explains  both  the  fatigue  knees 
and  the  stress-free  formation  of  pits.  The 
calculated  curves  are  shifted  downwards  a  little 
bit,  when  compared  with  the  measured  data.  This  can 
however  be  explained  by  the  fact  that  the  tested 
fibres  (A)  were  from  different  spools  (measurements 
in  the  preceding  section  showed  that  the  ageing 
behaviour  can  differ  significantly  from  spool  to 


Figure  9  Calculat*d  tlta  of  tha  knaaa  froai  figure  1,  using  tha 
(4}  d«cr*at«  in  inart  stransth  aftar  atraaa-fraa  again^  in 

watar . 
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spool).  It  is  suggested  to  repeat  static-stress  and 
stress -free  measurements  on  fibres  from  the  same 
spool.  Calculation  (numerically)  to  check  the  curves 
in  Figure  2  is  currently  in  progress.  It  will  also 
be  checked  if  the  change  in  measured  B -values  after 
stress-free  ageing,  observed  in  [4] ,  can  be 
explained  with  the  presented  model. 

Conclus ions 

Measurements  on  fibres  from  different  manufacturers 
in  water  are  presented.  The  fibres  were  immersed  as 
bare  (primary  coated)  samples,  in  ribbons,  in  tight 
coatings  and  in  (metalfree)  cables.  Fatigue  knees 
and  stress -free  ageing  were  observed.  The  influence 
of  the  environment  of  the  fibre  on  its  mechanical 
behaviour  in  water  turned  out  to  be  very  important. 
In  general  it  can  be  concluded  that  extra  protection 
(material)  around  the  fibre  and  low  pH-values  have  a 
positive  effect  on  the  mechanical  behaviour  of  the 
fibre.  A  prediction  of  this  mechanical  behaviour 
based  on  mentioned  parameters  is,  however,  very 
difficult.  The  type  of  primary  coating  of  the  fibre 
is  also  an  important  factor  for  this  behaviour.  It 
was  not  possible  to  find  a  correlation  between 
primary  coating  behaviour,  e.g.  its  visual 
performance  (colouring,  loosening),  and  the 
mechanical  behaviour  of  the  fibre.  Moreover  it  was 
observed  that  the  behaviour  in  water  can  be 
different  from  spool  to  spool  with  the  same  fibre 
from  the  same  manufacturer.  In  this  paper  it  is 
tried  to  find  a,  physically  sound,  model  that 
explains  the  anomalous  mechanical  behaviour  of  the 
fibres  in  water.  With  such  a  model  it  should  be 
possible  to  estimate  lifetimes  of  the  fibres  in 
service,  based  on  properly  specified  measurements. 
Three  attempts  are  discussed.  One  of  these  models 
explains  fatigue  knees,  stress-free  ageing  and  the 
formation  of  pits  qualitatively.  The  models  are 
currently  under  further  study. 
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Abstract 


The  use  of  hermetic  coatings  on  silica 
fibers  can  greatly  improve  fiber  reliabi¬ 
lity  by  preventing  static  fatigue  and  hyd¬ 
rogen-induced  loss  increase.  Yet,  the  ini¬ 
tial  strength  of  hermetically  coated  fibers 
usually  turns  out  to  be  lower  than  that 
of  polymer  coated  fibers.  In  this  paper 
the  factors  limiting  the  maximum  strength 
of  metal-  and  carbon-coated  fibers  as  well 
as  those  determining  their  static  fatigue 
are  considered. 


Introduction 


Up  to  now  polymer  coated  fibers  have 
been  used  in  optical  communication  systems. 
The  mechanical  strength  and  reliability  of 
such  fibers  are  determined  by  stress  cor¬ 
rosion  of  glass.  In  order  to  provide  long¬ 
term  (25-40  years)  lifetime,  such  fibers 
are  usually  prooftested  under  the  load 
3-4  times  exceeding  the  service  stress 
affecting  the  fibers  in  the  cable  during 
use.  Yet,  recent  investigations  have  shown 
catastrophic  strength  decrease  of  acrylate 
coated  fibers  under  some  special  conditi¬ 
ons. Besides  that,  at  the  examination 
of  the  surface  of  fibers  aged  under  zero- 
stress  condition  by  means  of  scanning 
tunneling  microscopy  the  growth  of  surface 
flaws  has  been  observed,  i.e.  the  loss  of 
the  fiber  strength  under  zero  stress  has 
occured.  ^  All  these  facts  taken  together 
make  rather  questionable  the  evaluations 
of  the  fiber  lifetime  based  on  the  static 
fatigue  model,  and  the  idea  of  the  coatings 
isolating  the  fiber  surface  from  the  envi¬ 
ronment  becomes  more  and  more  attractive. 
Metal  and  carbon  coatings  allow  to  reduce 
significantly  fiber  static  fatigue  and  to 
increase  their  reliability.  Yet,  up  to  now 
it  is  not  quite  clear  what  mechanism 
determines  static  fatigue  of  hermetically 
coated  fibers  and  why  the  strengths  of 
these  fibers  are  somewhat  less  than  those 
of  polymer  coated  fibers.  In  this  paper 
the  factors  limiting  the  strength  of  metal 
and  carbon  coated  fibers  as  well  as  those 


determining  their  static  fatigue  are  con¬ 
sidered. 

Theoretical  strength  snd  static 
fatigue  of  silica  glass 
under  inert  conditions 


According  to  different  theoretical  es¬ 
timates  the  maximum  strength  of  silica 
glass  reaches  Gti,  •"  25  GPa.^”'  These 
values  were  obtained  without  taking  into 
consideration  the  microstructure  of  the 
glass  surface.  Yet,  the  calculations  have 
shown  that  the  surface  crack  (  2  nm-deep 
and  0.3  nm-wide)  leads  to  the  reduction 
of  tensile  strength  to  C  =  (Tn,  /2  = 
12.5  GPa.  The  roughness  of  just  this 
size  was  observed  on  the  surface  of  an 
"undamaged"  silica  fiber  with  the  help  of 
atomic  force  microscopy  °  That  is  why  the 
achieved  by  now  for  silica  fibers  strength 
level  of  about  14  GPa  is,  to  our  mind,  the 
realistic  strength  limit. ^  Just  this 
strength  level  could  be  expected  in  the 
case  of  hermetically  coated  fibers  if  the¬ 
se  coatings  could  be  applied  without  the 
damage  of  the  fiber  surface,  and  if  the 
water  presence  under  the  coating  could  be 
avoided.  The  factors  leading  to  the 
strength  reduction  of  metal-  and  carbon- 
coated  fibers  will  be  considered  lower. 

The  term  silica  glass  "static  fatigue" 
usually  means  moisture-enhanced  stress 
corrosion  cracking  resulting  in  its  frac¬ 
ture  strength  decrease.  Static  fatigue  of 
hermetically  coated  fibers  is  much  lower 
than  that  of  polymer  coated  fibers,  yet  it 
does  not  equal  zero  (static  fatigue  para¬ 
meter  n <  oo  ).  If  we  assume  that  there  are 
no  water  molecules  on  the  fiber  surface 
under  the  hermetic  coating,  static  fatigue 
of  such  fibers  can  be  explained  in  terms 
of  thermofluctuation  theory.  According  to 
this  theory  the  glass  failure  is  conside¬ 
red  as  a  sequential  rupture  of  the  atomic 
bonds  at  the  microcrack  tip  due  to  thermal 
fluctuations.  Stresses  in  this  case  reduce 
the  activation  barrier  ai.d  apply  direction 
to  the  failure  process.  The  thermofluctua¬ 
tion  mechanism  of  silica  glass  failure  was 
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considered  in  a  number  of  papers, 
and  it  was  experimentally  observed  at  the 
investigation  of  silica  fiber  static  fat¬ 
igue  in  vacuum  and  at  the  liquid  nitrogen 
temperature . ^ 


According  to  the  thermofluctuation 
model  the  dependence  of  time  to  failure 
on  static  load  is  given  by^^: 

tj--t.exp[-y^^]  (1) 

where  to  is  the  value  approaching  the 
period  of  the  atom  thermal  oscillations 

(  ~  10"  ■^ys),Uo  is  the  stress-free  activa¬ 
tion  Si-0  bond  energy  (~110  Kcal/mol), 

8  is  the  parameter  determined  by  the 
value  of  activation  volume  and  size  of  the 
initial  defect,  R  is  the  gas  constant, 
and  T  is  the  absolute  temperature.  This 
relation  can  be  transformed  in  the  fol¬ 
lowing  way: 


g.) 


•(2) 


where  /  8  is  the  fiber 

strength  in  the  absence  of  thermofluctua¬ 
tions  (when  T  =  O^K).  The  dependence  of 
the  time  to  failure  ts  on  the  static 
stress  ,  Q's  at  the  temperature  of  liq¬ 
uid  nitrogen  (  T  =  77  K)  and  room  tem¬ 
perature  (  T  =  300'’K)  is  shown  in 
Figure  1. 


Usually  the  dependence  of  I5  on  (Tj 
is  described  by  the  power  function 

is=BSi  C  (3) 


where  H  and  B  -  parameters  charac¬ 
terizing  static  fatigue,  and  Si  is  the 
initial  inert  strength  of  the  fiber. 


In  the  logarithmic  scale  Equation  (3) 
is  a  straight  line  with  the  slope  (-n). 
When  we  use  an  exponential  function  (Eq.2), 
the  slope  is  not  a  constant.  Local  value 
of  parameter  n  in  this  case  can  be  found 
from: 


n  = 


(^s 

RT  See 


(A) 


Calculations  of  parameter  n  by  Eqs.(2) 
and  (4)  show  that  in  the  most  important 
for  applications  range  of  the  fiber  life¬ 
time  from  1  s  to  30  yr  (  'v.  10^  s)  parame¬ 
ter  n  changes  in  a  narrow  enough  range 
from  155  to  135. 


Much  higher  values  of  parameter  n  (400- 
1200)  obtained  in  a  number  of  papers  for 
carbon  coated  fibers  can  be  explained  by 


the  large  experimental  error,  when  para¬ 
meter  n  exceeds  100.  'Vor  example,  if  the 
dynamic  fatigue  method  is  used,  the  dif¬ 
ference  between  the  maximum  and  minimum 
loading  rates  usually  does  not  exceed  3 
orders.  At  n  =  150  the  difference  in  the 
mean  tensile  strengths  at  the  greatest 
and  slowest  rates  would  be  ~  5%,  and  if 
the  accuracy  of  these  measurements  is  only 
2%,  the  measured  parameter  n  can  change 
from  80  to  970.  Static  fatigue  methods  can 
improve  the  precision  of  n-value  measure¬ 
ments,  but  there  are  some  difficulties  due 
to  large  variations  in  time  to  failure. 

For  example,  if  the  strength  of  the  samp¬ 
les  in  series  has  a  variance  of  5%  due  to 
diameter  variations,  their  time  to  failure 
at  the  same  static  load  can  change  1700 
times  (at  n  =  150). 

Thus,  our  estimates  of  parameter  n  for 
the  hermetically  coated  fibers  in  terms  of 
thermofluctuation  theory  show  that  its  ma¬ 
ximum  value  should  not  exceed  150.  Yet, 
this  value  can  be  even  lower  if  the  diffu¬ 
sion  of  the  hydroxil  groups  from  the  fiber 
volume  to  the  microcrack  tip  takes  place. 

Metal  coated  optical  fibers 


A  real  hermetic  seal  is  probably  for¬ 
med  for  the  first  time  in  the  case  of  met¬ 
al-coated  fibers,  at  least  aluminum  coated 
ones,  by  the  “freezing" method . The 
essence  of  this  method  is  the  following. 
During  drawing  the  fiber  passes  through 
an  open  hole  filled  with  molten  metal. 

If  the  fiber  temperature  is  lower  than 
melting  point,  fast  freezing  of  the 
metal  melt  contacting  with  the  fiber  sur¬ 
face  takes  place.  As  a  result,  a  smooth 
and  thin  (10-20  pm)  metal  coating  is  for¬ 
med  on  the  fiber.  The  fiber  produced  by 
this  method  has  the  strength  of  5-7  GPa 
and  comparatively  low  static  fatigue  (n»" 
77). Other  methods  used  for  fiber  metal¬ 
lization  (magnetron  sputter ing , ion 
plasma  deposition^*^)  did  not  provide  fib¬ 
er  hermetization . 

The  maximum  strength  of  aluminum  coa¬ 
ted  fibers  .  is  somewnat  higher  than  that 
of  polymer  coated  fibers  but  substan¬ 
tially  less  than  the  theoretical  limit  of 
glass  strength.  This  lowering  of  the 
measured  strength  could  be  explained  by 
chemical  reaction  of  silica  glass  with  mol¬ 
ten  aluminum,  silica  glass  crystallization 
or  fiber  damaging  by  the  film  of  aluminum 
oxide,  formed  on  the  melt  surface  if*  the 
metallizer.  Taking  into  consideration  all 
the  factors  mentioned  above  and  using  tin 
as  a  coating  material  (soft  metal  with 
low  melting  temperature)  we  managed  to 
increase  significantly  the  strength  of  se¬ 
aled  fibers  to  10.9  GPa. 2)  Investiga¬ 

tions  on  different  regimes  of  application 
showed  that  the  structure  of  coating  had 
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a  great  influence  on  the  fiber  strength. 
The  maximum  strength  value  of  14.6  GPa 
and  sharp  Weibull  distribution  were  achi¬ 
eved  if  the  tin  coating  had  "monocrystal¬ 
line"  structure.  Later  on  this  method  was 
used  to  obtain  lead,  zink  and  aluminum 
coated  fibers.  These  fibers  had  two-point¬ 
bending  strength  of  15.0  GPa,  11.7  GPa, 
13.6  GPa  and  tensile  strength  of  7.5  GPa, 
9.2  GPa,  8.1  GPa,  respectively . 

During  fiber  sealing  by  the  "freezing" 
method  water  molecules  can  be  adsorbed 
on  the  surface  of  silica  glass.  So  we  have 
Investigated  the  influence  of  atmospheric 
humidity  between  the  draw  furnace  and  the 
metallizer  on  strength  and  static  fatigue 
of  metal  coated  fibers.  The  fibers  under 
consideration  were  drawn  in  ordinary  lab¬ 
oratory  atmosphere  (60%  RH)  (environment  1) 
as  well  as  in  an  atmosphere  containing 
300-400  ppm  of  water  (environment  2),  and 
in  a  dry  inert  gas  containing  20-40  ppm 
of  water  (environment  3).  The  maximum 
strength  of  tin  coated  fibers  measured  by 
the  two-point-bending  technique  did  not 
depend  on  the  concentration  of  water  vapor 
in  the  atmosphere  and  turned  out  to  be 
equal  to  12.5  GPa,  yet  as  the  water  con¬ 
tent  Increased  the  spread  in  the  strength 
values  also  increased  (Figure  2).  The  sta¬ 
tic  fatigue  parameter  n  =  135  for  the  high 
strength  mode  of  all  Weibull  distributions. 
Tensile  test  of  these  fibers  showed  that 
the  tensile  strength  of  tin-coated  fibers 
decreased  from  9.5  to  5.5  GPa  with  the  in¬ 
crease  of  humidity  (Figure  3). 

During  fiber  drawing  at  2000®C 
dehydration  of  the  silica  glass  surface 
takes  place.  According  to  the  generally 
adopted  views  concerning  water  adsorption 
on  the  glass  surface  during  fiber  cooling 
water  molecules  are  mostly  adsorbed  on 
residual  silanol  (Si-OH)  groups  and  not 
on  the  siloxane  part  of  the  sur face .^5,26 
The  appearing  hydroxilated  parts  on  the 
fiber  surface  grow  as  separate  spots 
while  the  hydration  occurs  along  the  boun¬ 
dary  between  hydroxilated  and  siloxane 
parts  of  the  surface.  In  the  two-point- 
bending  test  only  0.1  mm  of  a  fiber  expe¬ 
riences  tensile  stress.  During  metal  de¬ 
position  in  very  dry  environment  the  pro¬ 
bability  of  moisture  presence  on  the  fiber 
part  under  stress  is  very  small.  The 
strength  in  this  case  reaches  a  value  of 
12.5  GPa,  which  approaches  that  of  the 
inert  strength.  As  the  humidity  Increases 
the  probability  of  water  presence  becomes 
greater,  and  we  observe  the  "tail"  (low- 
strength  part)  of  Weibull  distribution, 
which  however  disappears  at  the  temperatu¬ 
re  of  liquid  nitrogen.  In  the  tensile  test 
method  0.25  m  of  the  fiber  is  under 
stress.  Due  to  this,  the  probability  of 
water  presence  on  the  stressed  part  of 
the  fiber  is  rather  high,  and  the  Weibull 


distribution  even  for  the  fiber  drawn  in 
very  dry  environment  is  shifted  to  9.5  GPa 
Thus  the  observed  difference  in  the  results 
obtained  by  the  two  methods  can  be  explai¬ 
ned  by  the  effect  of  residual  moisture  un¬ 
der  the  metal  coating,  which  did  not  form 
a  continuous  layer. 

The  fiber  lifetime  is  determined  by 
the  growth  rate  of  the  largest  flaw  after 
proof-test,  so  we  carried  out  the  investi¬ 
gation  of  strength  and  static  fatigue  of 
specially  damaged  tin  coated  fibers.  The 
surface  was  damaged  every  0.5  m  by  perio¬ 
dical  touching  of  bare  pristine  fiber  bef¬ 
ore  metallization  during  the  drawing  proc¬ 
ess.  1  m-long  samples  under  investigation 
had  strength  of  about  1  GPa  (Figure  4) 
with  very  small  spread  in  values  (the  Wei¬ 
bull  parameter  m  ^  20).  Figure  4  shows 
that  the  strength  of  damaged  fibers  incre¬ 
ases  monotonlcally  with  the  reduction  of 
the  atmospheric  humidity.  Note  that  the 
strength  of  a  fiber  drawn  in  very  dry  at¬ 
mosphere  approaches  the  level  of  the 
liquid  nitrogen  strength.  Sizes  of  the 
initial  defects  in  fibers  drawn  at  dif¬ 
ferent  humidities  are  the  same  due  to  the 
fact  that  tensile  strength  for  all  the 
fibers  is  the  same  in  liquid  nitrogen,  as 
well  as  in  the  case  when  the  metal  coating 
was  removed. 

The  results  of  static  fatigue  measure¬ 
ment  are  shown  in  Figure  5.  The  probabili¬ 
ty  of  water  presence  in  the  area  of  the 
largest  defect  is  very  small,  so  at  small 
values  of  time-to-failure  (at  high  load) 
the  break  of  the  fiber  drawn  in  dry  atmos¬ 
phere  occurs  due  to  a  thermofluctuation 
mechanism  (n'V'ioo).  At  great  values  of 
time-to-failure  (  at  low  load)  the  fiber 
break  occurs  due  to  the  water-activated 
defect  growth,  so  n  ~  30.  Static  fatigue  . 
of  fibers  drawn  in  the  atmosphere  contai¬ 
ning  more  water  is  wholly  determined  by 
the  mechanism  of  stress  corrosion  (n  ~  30- 
45).  It  should  be  noted  that  at  the  dama¬ 
ged  regions  dangling  Si-0  bonds  are  formed. 
Water  adsorption  on  them  occurs  much  quicker 
than  on  the  surface  of  the  undamaged  fib¬ 
ers.  So  we  suppose  that  for  the  undamaged 
fibers  the  phenomenon  associated  with  the 
water  adsorbed  on  the  surface  is  not  so 
prominent. 

Our  experiments  have  shown  that  metal 
coatings  allow  to  increase  the  fiber 
strength  to  10-14  GPa.  High  values  of 
strength  and  low  static  fatigue  of  such 
fibers  can  be  achieved  if  the  water  con¬ 
tent  in  the  atmosphere  during  the  freezing 
process  is  less  than  40  ppm. 

Carbon  coated  optical  fibers 

Carbon  is  believed  to  be  an  excellent 
candidate  for  hermetic  coating  material. 
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Carbon  coating  improves  the  resistance  of 
optical  fiber  to  both  static  fatigue  and 
hydrogen-induced  attenuation,  can  be  app¬ 
lied  at  sufficiently  high  drawing  speed 
and  does  not  cause  additional  microbending 
losses.  At  the  same  time  the  strength  of 
3. 5-4. 5  GPa  is  typical  for  carbon  coated 
fiber,  which  is  even  less  than  the  strength 
of  polymer  coated  fibers . While  a  cor¬ 
relation  has  recently  been  found  between 
the  fiber  strength  and  roughness  of  a  car¬ 
bon  coat ing ,  ^^fracture  mechanism  for 

carbon  coated  fibers  is  still  unclear.  Fi¬ 
ber  damaging  during  the  coating  process^® 
or  tensile  residual  stress  on  the  fiber 
surface  due  to  carbon  coating^'  were  dis¬ 
cussed  as  possible  causes  of  the  fiber 
failure . 


Our  investigations  of  dual  hermetical¬ 
ly  coated  optical  (DHC)  fibers  help  us  to 
understand  some  problems  connected  ^ith 
strength  of  carbon  coated  fibers. 

DHC  fiber  has  a  primary  coating  of 
500-600  A  carbon  and  a  secondary  coating 
of  a  metal. A  tin  or  an  aluminum  coating 
(10-15  pm-thick)  was  applied  over  the 
carbon  coated  fiber  from  a  melt  by  "free¬ 
zing"  method. 


Our  carbon  coated  fibers  have  two- 
point-bend  strength  of  4.6  GPa  (Figure  6) 
corresponding  to  the  strain  of  5.3%,  which 
is  usual  for  this  type  of  fibers.  The  two- 
point-bend  strength  of  DHC  fibers  is  9  GPa 
This  is  twice  the  strength  of  the  carbon 
coated  fiber,  but  substantially  less  than 
that  of  metal  coated  fiber.  When  the  metal 
coating  is  removed  from  the  DHC  fiber, 
the  resultant  carbon  coated  fiber  has  the 
normal  carbon  coated  strength. 


At  the  liquid  nitrogen  temperature 
the  strength  of  carbon  coated  fibers  equal¬ 
ling  9.5  GPa  appeared  to  be  less  than 
that  of  polymer  coated  fibers  (  14  GPa). 

Approximately  the  same  strength  had  DHC 
fibers  at  the  liquid  nitrogen  temperature 
(Figure  6).  First  we  thought  that  this 
strength  reduction  was  associated  either 
with  damage  caused  by  the  cracking  of  the 
carbon  coating,  or  due  to  the  stress  con¬ 
centration  at  the  silica  surface  caused  by 
the  presence  of  the  cracked  carbon  layer. 
However,  our  investigations  on  DHC  fiber 
strength  at  the  temperature  exceeding 
AOO^C  showed  that  surface  defects  could 
appear  under  the  carbon  coating  just  in 
the  process  of  coating  application. 

Figure  7  summarizes  strength  measure¬ 
ment  data  for  DHC  fibers  after  exposure  at 
various  temperatures.  It  is  easily  obser¬ 
ved  that  change  of  temperature  results  in 
parallel  shift  of  curves,  but  the  curves 
shapes  remain  approximately  the  same.  It 
is  our  opinion  that  various  processes 
correspond  to  different  regions  in  these 
curves.  Interaction  of  carbon  with  silica 
glass  and  aluminum  appears  to  take  place 
in  the  first  stage  of  strength  degradation 
(region  1).  When  the  carbon  has  reacted 
completely,  it  takes  aluminum  some  time  to 
get  to  silica  glass  surface  through  the 
layer  of  carbides.  During  this  time  the 
strength  of  fiber  almost  does  not  change 
and,  consequently,  plateau  on  the  graph  is 
observed  (region  2).  After  that  aluminum 
begins  to  react  with  silica,  and  the 
strength  drops  again  (region  3).  The 
activation  energy  E  of  strength  reduc¬ 
tion  process  can  be  obtained  from  such  a 
relation: 


To  understand  the  mechanism  of  fiber 
failure  better,  a  DHC  fiber  was  loaded  to 
the  level  greater  than  4.6  GPa,  i.e.  grea¬ 
ter  than  the  ultimate  strain  of  the  carbon 
coated  fiber. upon  unloading,  it  was  tes¬ 
ted  by  removing  the  metal  coating  and  exa¬ 
mining  the  carbon  coating  by  immersion  in 
hydrofluoric  acid.  The  strength  of  fiber 
dramatically  decreased.  As  hydrofluoric 
acid  interacts  with  carbon  weakly,  but  has 
a  great  influence  on  silica  glass  strength, 
this  experiment  demonstrates  fracture  of 
carbon  coating  at  5.5%  -strain.  Failure  of 
the  carbon  coating  could  be  clearly  seen 
with  the  help  of  a  microscope  after  the 
loading  of  carbon  coated  fibers  in  dry 
nitrc^en  atmosphere  at  strain  exceeding 
5.3%.  All  these  experiments  demonstrate 
that  the  failure  of  carbon  coated  fiber  in 
moisture  environment  takes  place  under  the 
load  corresponding  to  the  ultimate  elon¬ 
gation  of  the  carbon  coating.  At  the  crac¬ 
king  of  the  carbon  coating  moisture  acti¬ 
vates  the  growth  of  surface  microcracks, 
and  as  a  result  fiber  failure  occurs. 


tni,-  Ini,  VtJ/r  (5) 

where  tj  and  are  times  of  strength 

reducing  to  the  same  level  at  temperatures 
T|  and  ,  R  is  the  gas  constant. 

Activation  energy  for  the  process  of  car¬ 
bon  interaction  with  silica  glass  turned 
out  to  be  approximately  290  KJ/mol.  Using 
strength  reduction  data  for  the  DHC  fiber 
at  high  temperature  and  relation  (5),  it 
is  easy  to  get  that  inert  strength  of  car¬ 
bon  coated  fiber  is  reduced  to  9.5  GPa  af¬ 
ter  0.003  s-exposure  at  900°C  or  0.05  s- 
one  at  800°C.  Similar  time  and  temperature 
are  typical  for  carbon  coating  process. 

Static  fatigue  of  carbon  coated  fibers 
is  determined  by  the  static  fatigue  of  the 
coating,  since  our  investigations  have 
shown  that  fiber  failure  occurs  just  after 
the  failure  of  the  carbon  coating.  For  the 
prepared  fibers  the  static  fatigue  parame¬ 
ter  n=200t  50,  which  approaches  the  value 
of  parameter  n  =  178  for  carbon.’^  Approxi¬ 
mately  the  same  values  of  parameter  n 
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for  the  carbon  coated  fibers  were  cited  in 
a  number  of  papers.  The  variations  of 

the  measurement  results  for  parameter  n  in 
such  fibers  can  be  explained  not  only  by 
the  great  value  of  experimental  error 
when  n>  100,  but  also  by  the  strong  sta¬ 
tic  fatigue  dependence  of  carbon  on  the 
deposition  temperature . ^2  decrease  in 

static  fatigue  of  carbon  coated  fibers  in 
water  can  be  also  explained  by  the  change 
of  parameter  n  for  carbon. 

Conclusion 

Static  fatigue  of  hermetically  coated 
fibers  can  be  explained  in  frames  of  ther¬ 
mofluctuation  theory.  Our  estimates  of  pa¬ 
rameter  n  for  hermetically  coated  fibers 
showed  that  its  maximum  value  should  not 
exceed  150. 

Metal  coatings  allow  to  increase  fiber 
strength  up  to  the  level  approaching  the 
theoretical  strength  level  of  silica  glass. 
High  strength  values  (10-14  GPa)  and  low 
static  fatigue  (n  100)  of  metal  coated 
fibers  can  be  achieved  if  the  water  con¬ 
tent  in  the  atmosphere  during  the  "freezing" 
process  is  less  than  40  ppm. 

The  strength  of  carbon  coated  fibers 
is  determined  by  the  ultimate  elongation 
of  the  carbon  coating.  The  maximum  strength 
of  such  fibers  is  limited  by  the  strength 
decrease  in  the  reactor  during  the  coating 
deposition.  The  maximum  values  of  static 
fatigue  parameter  n  for  such  fibers  is  de¬ 
termined  by  the  static  fatigue  of  carbon 
coating . 
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ure  1.  Static  fatigue  of  hermetically 
coated  silica  fibers  according  to 
thermofluctuation  theory. 


Figure  3.  Tensile  strenci.h  of  undamaged 
tin-coated  fibers  tested  at  room 
temperature . 
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Figure  2.  Bending  strength  of  undamaged 
tin-coated  fibers  tested  at  room  tem¬ 
perature  and  in  liquid  nitrogen  (IN2), 
F-failure  probability. 


Figure  4.  Tensile  strength  of  damaged  tin- 
coated  fibers  drawn  in  three  types  of 
atmosphere  and  tested  at  room  tempera¬ 
ture  (20°C)  and  in  liquid  nitrogen 
(-196'’C) . 


634  Internationa)  Wire  S  Cable  Symposium  Proceedings  1 992 


In(ln(1/(1-F)))  applied  stress/strength  at  -196*C 


gure  5.  Static  fatigue  of  damaged  (1,2,3) 
and  undamaged  (3')  tin-coated  fibers 
drawn  in  environments  1,2  and  3,  res¬ 
pectively.  Damaged  fibers  were  tensile 
tested  and  undamaged  -in  bendiny.  Clo¬ 
sed  circles  -reculculated  results  of 
dynamic  fatigue  measurements. 


strength.GPa 


Figure  6.  Strength  of  dual  hermetic  coated 
(DHC)  fibers  (1);  DHC  fibers  after 
removal  of  metal  coating  (2);  carbon 
coated  fibers  (3). 


Figure  7.  Strength  measurement  for  DHC 

fibers  after  exposure  at  various  tem¬ 
peratures  . 
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Reliability  of  waterproof  optical  fiber  cables 


Masaaki  KAWASE 

NTT  Telecommunication  Field  Systems  R&D  Center 
Tokai,  Ibaraki,  319-11  Japan 


Abstract 

In  order  to  construct  reliable  and  economical 
optical  fiber  cable  network,  NTT  have  been  used 
water-blocking  optical  fiber  cable  systems.  This 
system  consists  of  water-blocking  cables,  water 
sensors  and  supervision  system.  In  this  paper, 
strain  design,  water  proofing  and  the  other 
features  of  the  water-blocking  cable  are  described. 
The  design  of  water  sensor  is  also  described. 

In  addition,  design  and  performance  of  a  new 
cable  system  which  contains  water-blocking 
cables,  water  sensors  and  the  OTDR,  is  presented. 

1.  INTRODUCTION 

Reliable  and  economical  optical  fiber  cable 
technologies  are  required  for  use  by  future  BISDN 
services.  Optical  fiber  lifetime  is  determined  by  its 
history  of  stresses.  Therefore,  reduction  of  such 
stresses  is  a  key  factor  in  optical  fiber  cable  design. 
In  addition,  the  stress  corrosion  parameter  n  of  an 
optical  fiber  is  less  in  water  than  in  air. 

Therefore,  the  environment  of  installed  fibers 
should  be  considered. 

In  Japan,  jelly-filled  cables  are  not  often  used 
because  jelly  remaining  on  the  fibers  affects 
splicing  work,  and  it  is  difficult  to  completely 
remove  the  jelly.  Therefore,  we  developed  water¬ 
blocking  cables  containing  a  water  absorbent  tape. 


The  expansion  of  the  absorbent  material  stops  the 
flow  of  water  which  seeps  into  the  cable  through  a 
broken  sheath. 

For  reasons  of  economy,  fiber  ribbons  are  usually 
used  in  a  high  count  optical  fiber  cable,  in  order  to 
increase  fiber  density  and  to  reduce  splicing  time. 

This  paper  discusses  fiber  strain  evaluation  and 
the  basic  performance  of  water-blocking  cables. 
Also,  we  study  the  reliability  of  an  optical  fiber 
cable  network  which  consists  of  water-blocking 
cables  and  water  sensors.  Finally,  we  present 
experimental  results  from  optical  fiber  cables  and 
water  sensors  installed  into  a  research  facility 
over  a  period  of  three  years. 

2.  WATER-BLOCKING  OPTICAT.  FIBER  CABLES 
2.1  Structure  and  fiber  strain 

Optical  fiber  lifetime  is  determined  by  its  history 
of  stresses  and  by  the  atmosphere.  The  causes  of 
stresses  are  back  tensions  during  manufacturing, 
bending,  torsion,  installation  force,  temperature 
variation,  etc.  The  stress  diagram  is  most 
important  when  discussing  fiber  reliability.  Such 
a  diagram  is  shown  in  figure  1.  Stresses  can  be 
divided  into  three  categories:  before  installation, 
during  installation,  and  after  installation.  We 
now  calculate  and  evaluate  theses  stresses. 
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(1)  Cable  structure 

Figure  2  shows  a  cross  section  of  a  1000-fiber 
water-blocking  cable.  For  high  density  packaging, 
we  decided  to  use  an  8-fiber  ribbon  which  can  be 
divided  into  two  4-fiber  ribbons.  Therefore,  8-fiber 
ribbon  cables  can  be  easily  joined  conventional  4- 
fiber  ribbon  cables. 

(2)  Fiber  strains  due  to  manufacturing 
First,  we  consider  structure  induced  strains 
which  fall  into  three  categories:  elongation  strain 
ee,  bending  strain  eb,  and  twisting  strain  g.tU  ee 
is  caused  by  on  the  fiber  ribbon  during  the 
manufacturing  process.  This  value  is  less  than 
0.025%.[1J  Figure  3  shows  the  calculation  model 

for  fiber  strain  caused  by  bending  and  twisting. 
This  is  based  on  one  of  the  slotted  rods  shown  in 
figure  2.  The  total  fiber  strain  e  caused  by  the 
structure  and  manufacturing  process  is 
calculated  from  by  three  kinds  of  strain  by 

e=(ee-*-eby2+(((ee-i-eb)/2)2+g2Gf2/Ef2)1^2  (i) 

where  Gf  is  the  modulus  of  elasticity  in  shear  and 
Ef  is  Yoimg's  modulus  of  the  fiber.  For  1000-fiber 

Variation  due  to 


Figure  1  Strain  diagram  for  reliability  design 


water-blocking  cable,  the  distance  between  cable 
center  and  slotted  rod  center  a  1  is  13  mm,  a2  is  5.2 
mm,  Ef  is  7200  kg/mm2,  and  Gf  is  3200  kg/mm2. 
The  calculated  results  are  shown  in  figure  4.  The 
fiber  strain  is  required  to  be  less  than  0.05%.  The 
area  on  the  right  of  the  line  in  figure  4  is  a  suitable 
combination  of  slotted  rod  stranding  pitch  pi  and 
slot  stranding  pitch  p2.  We  selected  the 
combination  pi=900mm  and  p2=600mm.  The 
measured  stress  was  less  than  0.03%. 


0:0:0:0:0:0:0:0:0 


8-fiber  ribbon 


Figure  2  1 000-fiber  water-blocking  cable 


Figure  3  Calculation  model  for  fiber  strain 
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(3)  Fiber  strain  due  to  installation 
Fiber  strain  ei  during  installation  is  expressed  by 

ei=T/IEiAi  (2) 


releasing  the  absorbent  powder  to  fill  the  empty 
spaces  in  the  cable. 

However,  problems  could  be  caused  by  the 
absorbed  water  remaining  in  the  cable. 


where  T  is  the  installation  force,  Ei  is  Young's 
modulus  of  each  cable  element,  and  Ai  is  the 
cross-sectional  area  of  each  element. 

The  strength  member  located  at  the  center  of  the 
cable,  was  designed  to  keep  fiber  elongation  below 
0.15%,  under  maximum  installation  force. 

(4)  Fiber  strain  due  to  temperature  variation 

This  cable  will  be  installed  in  an  underground 
conduit  or  an  undergrovmd  tunnel.  Under  these 
conditions  the  temperature  range  is  from  0  to 
40OC.  Cable  elongation  due  to  temperature  change 
is  calculated  by 

ec=At(ZaiEiAi/ZE3iAi)  (3) 

where  At  is  temperature  change,  ai  is  the 
coefficient  of  linear  expansion  of  each  cable 
element.  The  measured  fiber  elongation  is  less 
than  0.03%  in  over  above  temperature  range. 

SL2  WATERPROOFING 
(1)  Water-blocking  mechanism 

To  satisfy  the  requirement  of  eliminating  the  use 
of  jelly  to  trap  water  which  seeps  into  the  cable, 
we  decided  to  use  water-blocking  tape.t^]  This 
tape  consists  of  absorbent  powder,  water-soluble 
adhesive,  and  base-tape  as  shown  in  figure  5.  The 
water-soluble  adhesive  holds  the  absorbent  powder 
on  Uie  base-tape.  When  water  seeps  into  the  cable, 
the  water-soluble  adhesive  dissolves,  thus 


(2)  Hydrogen  generation 
Hydrogen  is  generated  by  the  reaction  of  some 
metals  with  water.  We  therefore  changed  the 
cable  materials.  Table  1  shows  the  conventional 


Figure  4  Appropriate  combination  between 
rod  pitch  p1  and  slot  pitch  p2 


Absorbent  powder 


Water-soluble 
adhesive 


Base  tape 


Figure  5  Structure  of  water-blocking  tape 


l£d?le  1  Old  and  new  components  in  the  cable 


Component 

Conventional 

Improved 

Strength 

member 

Steel  wire 
plated  with  Zn 

Cu  cladding 
steel  wire 

Sheath 

PE  with 
laminated  AI 

Plain  PE 
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and  improved  components.  We  measured  the 
hydrogen  generated  by  both  the  conventional  and 
improved  strength  member  in  water  at  SQOC. 

Steel  wire  with  a  Cu  cladding  generated  no 
detectable  hydrogen.  In  addition,  the  sheath  was 
replaced  by  PE.  Therefore,  it  was  unnecessary  to 
consider  increase  in  loss  caused  by  the  improved 
materials. 

(3)  Increase  in  loss  caused  by  water  below  O^C 
Artificial  seawater  was  pumped  into  a  10-m 
cable.  We  measured  increases  in  loss  of 
conventional  and  water-blocking  cables.  In  the 
conventional  cable,  loss  increase  is  0.05  dB/lOm  at 
1310  nm.  However,  in  the  water-blocking  cable, 
we  did  not  find  any  loss  increase.  Loss  increase 
caused  by  the  large  lateral  pressure  of  frozen 
water.  However,  in  the  water-blocking  cable,  the 
absorbed  water  did  not  freeze  like  ice  but  formed 
into  a  gel.  Therefore,  the  lateral  pressure  was  not 
so  great  as  that  of  ice. 


3.  MAINTENANCE  OF  THE  WATER-BLOCKING 

OPTICAL  CABLE  SYSTEM 

3.1  Optical  Fiber  Characteristics  Due  to  Water 


Penetration 

Using  this  system,  cables  and  closures  are 
continue  to  be  used  after  water  penetration. 
Therefore,  a  consideration  should  be  given  to  the 
adverse  of  this  residual  water.  If  the  cable  sheath 
is  damaged  by  construction  work,  but  the  damage 
has  not  reached  the  core,  the  cable  can  still  be 
used.  The  problem  is  not  serious,  because  water 
penetration  length  is  less  than  3  m  from  the 
damaged  sheath. 

However,  in  a  closure,  fibers  are  bent  to  30  mm 
radius  to  deal  with  the  excess  length  of  spliced 
fibers  in  high-density  packaging.t^J  This  reduces 
the  fiber  lifetime  because  of  greater  bending  stress 
compared  with  the  cable.  In  addition,  the 
probability  of  penetration  is  much  higher  than 
that  of  the  cable,  because  a  closure  is  often  opened 
for  operation  or  transfer  of  fibers. 


2.3  OTHER  PERFORMANCE 
The  standard  Single-Mode  fiber  was  used  in  the 
manufactured  cable.  The  cable  diameter  was  40 
mm  with  a  weight  of  1.4  kg/m.  There  was  no  loss 
increase  over  the  temperature  range  of  -30  to 
+60OC.  There  was  no  loss  increase  during  a 
squeezing  test,  with  a  tension  of  800  kgf  and  a 
mandrel  of  600-mm  radius.  The  water 
penetration  length  was  less  than  3  m,  using  the 
conventional  test  set-up.  Up  to  this  distance,  the 
loss  increase  caused  by  sub-zero  water  was 
negligible. 


(1)  Reliability  of  optical  fibers 
Methods  based  on  a  screening  test  and  strains 
are  commonly  employed  for  the  design  of  optical 
fiber  reliability  .W]  xhe  fiber  failure  ratio  F  is 
expressed  by 

F=l-exp(  NpUl-(l+(aa/opP(ta/tp))“/('^-2)))  (4) 

where  L  is  the  fiber  length(m),  Oa  is  the  fiber 
strain(%),  Op  is  the  screening  strain  0.5%,  ta  is  the 
time  during  which  the  strain  is  applied  (sec.),  tp 
and  Np  are  screening  time  (1  sec.)  and  fiber 
failure  probability  during  screening  (times/m). 
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and  m  is  the  Weibull  distribution  constant.^] 

In  addition,  n  is  the  stress  corrosion  parameter 
and  for  presently  used  fiber  with  UV  coating,  it 
equals  23  in  air  and  20  in  water. 

(2)  Failure  probability  of  optical  fibers 
The  calculated  results  of  the  fiber  failure 
probability  are  shown  in  figure  6.  The  fiber 
equivalent  strain  Oa  is  taken  to  be  aa=0.l7%. 
When  using  water-blocking  cables,  the  water 
penetration  length  is  less  than  3  m.  Assuming 
one  water  penetration  per  kilometer,  increase  in 
cable  failure  probability  is  very  small. 

The  calculated  results  for  the  relationship 
between  fiber  failure  probability  and  the  water 
penetration  period  of  the  closure  are  shown  in 


figure  7.  The  fiber  strain  Oa  is  determined  from 
the  bending  strain.  The  bending  radius  is  30  mm. 
The  failure  probability,  after  a  fixed  period  of  water 
penetration,  is  transformed  from  the  dashed  to  the 
solid  curves. 

Based  on  the  above  discussion,  we  found  that 
when  using  water-blocking  cable,  there  is  no 
adverse  effect  on  the  fiber  reliability.  However,  the 
bent  fibers  in  the  closure  are  affected.  Therefore,  it 
is  necessary  to  remove  water  when  it  penetrates  a 
closure.  Consequently,  we  study  water  sensing 
techniques  for  the  splicing  closure. 

In  addition,  connectors  and  fusion  splices  in 
water  were  shown  to  be  reliable  for  one  year.t^] 
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3^  Design  of  water-blockuig  cable  system 
(1)  Water  penetration  sensor 

Two  methods  were  considered  for  detection  of 
water  penetration:  an  electrical  method  that  uses  a 
metallic  conductor  and  a  method  which  uses 
optical  fiber  bending  loss["^J.  It  is  desirable  that 
sensors  and  monitor  lines  are  dielectric  to 
eliminate  problems  of  induced  current.  Using  the 
latter  method,  very  small  sensors  are  needed. 

Figure  8  shows  the  basic  structure  of  the  water- 
penetration  sensor.  When  water  surrounds  the 
sensor,  it  is  absorbed  by  the  absorbent  material 
whose  volume  increase.  This  pushes  a  movable 
plate  against  the  fiber  thus  bending  it  and 
increasing  the  optical  loss.  This  additional 
bending  loss  is  then  detected  by  an  OTDR  (Optical 
Time  Domain  Reflectometer). 

The  fiber  bending  loss  can  be  calculated  with 
Marcuse's  equation^^X  AVhen  using  1550  nm 
wavelength  and  bending  radius  is  5  mm,  the 
bending  loss  is  larger  than  1  dB.  Under  these 
conditions,  the  failure  probability  calculated  by 
equation  [1],  is  less  than  0.1%  over  10  years,  which 
is  sufficiently  very  small. 


Figure  8  Structure  of  water  sensor 


(2)  Reliability  of  the  water-blocking  cable  system 
The  reliability  can  be  maintained  by  providing  a 
sensor  to  detect  the  penetrating  water.  As  shown 
in  figure  7,  the  fiber  failure  probability  depends  on 
the  duration  of  water  penetration  of  the  joint. 
According  to  figure  7,  the  changes  in  reliability 
over  less  than  1  year  is  sufficiently  small. 
Therefore,  if  the  duration  is  assumed  to  be  less 
than  one  year,  the  reliability  of  the  water-blocking 
cable  system  is  satisfactory.  In  practice,  we 
monitor  water  penetration  of  closures,  at  three 
month  intervals  with  automatic  systems  which 
consists  of  an  OTDR,  optical  switch  and  fiber 
distribution  framet®^ 


4.  EXPERIMENTAL  RESULTS 

We  constructed  the  test  systems  in  the  laboratory 
using  water-blocking  cables  and  sensors.  Total 
cable  length  is  930  m,  and  there  are  two  splicing 
points  in  which  water  sensors  are  located. 

To  study  water  penetration  effects,  we  filled  one 
closure  with  water.  Figure  9  shows  the  loss 
spectra  of  an  optical  fiber,  under  three  conditions: 
before  water  penetration,  3  months  after 
penetration,  and  30  months  after  penetration.  We 
found  no  increase  in  attenuation  due  to  water 
penetration.  Figure  10  shows  the  OTDR 
measurement  results  for  the  water  sensor  and 
monitor  line.  The  closure  is  located  the  708  m 
from  the  OTDR.  Loss  increases  by  2.5  dB  due  to  the 
water  penetration.  This  shows  that  the  water 
sensor  was  very  effective. 
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Figure  9  Loss  spectra  of  fiber  in  the 
experimental  cable 
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Figure  10  OTDR  measurement  when 
experimental  closure  is  penetrated 


5.  CONCLUSION 

We  confirmed  the  long-term  reliability  and 
waterproofing  performance  of  a  1000-fiber  water¬ 
blocking  cable. 

(1)  In  order  to  ensure  fiber  reliability,  we  designed 
a  slotted  rod  optical  fiber  cable.  According  to  this 
design,  the  fiber  strain  due  to  manufacturing 
process  is  less  than  0.05%,  fiber  elongation  is  less 
than  0.15%  during  installation  and  fiber 
elongation  due  to  temperature  variation  is  less 
than  0.03%. 


(2)  We  prevented  increase  in  loss  caused  by 
hydrogen  by  changing  the  components  in  the 
cable.  We  also  prevented  increase  in  loss  caused 
by  sub-zero  water  by  using  absorbent  material. 

(3)  We  calculated  fiber  failure  probabilities  in  the 
cable  and  in  the  closure.  With  these  results,  cables 
are  maintenance  free,  and  closures  should  be 
checked  at  regular  intervals. 

(4)  We  developed  water  sensors  for  monitoring 
closures.  In  addition,  we  tested  a  water-blocking 
cable  system,  and  found  no  problems. 

NTT  introduced  this  type  of  cable  system  in  April 
1990,  and  it  is  proving  very  useful  for  constructing 
optical  fiber  subscriber  networks. 
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OVERVIEW  OF  THE  TRI-SERVICE  FIBER  OPTIC  TECHNOLOGY  PROGRAM 
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ABSTRACT 

This  paper  discusses  Tri-Service  activity 
in  fiber  optic  technology  developments. 
Programs  discussed  are  divided  into  five 
major  thrusts;  Active  and  Passive  Electro- 
Optic  Components,  Sensors,  Radiation 
Effects,  Point-to-Point  Systems,  and 
Network  Systems.  This  paper  is  organized 
around  the  structure  of  the  Tri-Service 
Fiber  Optic  Coordinating  Committee  and 
represents  an  annual  investment  of  $50M. 


Introduction 

The  Tri-service  Fiber  optic  Technology  is 
coordinated  by  the  three  services  (Army  - 
Navy  -  Air  Force) ,  DOF  laboratories  and 
NASA.  It  consists  of  six  standing 
subcommittees  with  membership  and 
expertise  from  each  service  and  associate 
membership  from  other  agencies  based  on 
their  interests.  The  overall  structure  is 
shown  in  Figure  l.  The  committee  reports 
to  the  Advisory  Group  on  Electron  Devices, 
Group  C,  and  ultimately  to  OUSDDRE.  The 
Fiber  Optic  Transition  subcommittee  also 
reports  to  the  Fiber  Optic  Management 
Panel  which  reports  to  the  Joint 
Commanders  Group  on  Communications  - 
Electronics  (JCGCE)  (see  Figure  2) . 

Technology  Thrusts 

There  are  five  technology  thrusts  embodied 
in  the  TSFOCS: 

.Active  &  Passive  EO  Components 
. Sensors 

.Radiation  Effects/Adverse  Environments  on 
Components 

. Point-to-Point  Systems 
.Network  Systems 

Overall  funding  in  the  Tri-Service 
activity  is  approximately  $50M. 


Tri-Service  Fiber  Optics  Coordinating  Structure 
(TSFOCS) 


OUSDRE 

I  ~~ 

Advisory  Group  on 
Electron  Devices  (C) 


I 


Oversight  -  - 
Committee 

other  Coordinating 
Organizations 

1 

1 

Fiber  Optic 
Transition 
(Standards) 
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Passive 
Electro-Optic 
Components 

Sensors 

Radiation 
Efiects/Adverse 
Environments  or 
Components 

Point-to- 

Point 

Systems 

Network 

Systems 

Figure  1  Tri-Service  Fiber  Optic 
Coordinating  Structure 


Active  &  Passive  EO  Components 

The  major  long-term  thrust  in  electrooptic 
component  development  is  toward 
optoelectronic  integrated  circuits  (OEIC) 
for  the  broad  goal  of  optical  signal 
processing.  The  earlier  concept  of 
"integrated  optics"  has  been  largely 
discarded  in  favor  of  the  new  approach 
which  recognizes  the  desirability  of 
combining  both  optical  and  electronic 
devices  on  the  same  substrate  so  as  to 
capitalize  on  the  best  features  of  both. 
Thus  optics  excels  at  interconnection 
whereas  signal  processing  is  best  done 
electronically.  A  number  of  approaches  to 
OEIC  are  being  pursued  including  III-V 
heteroepitaxy  on  silicon.  Si  and  Si/Ge 
guided  wave  opticsw,  pressure  fusion  of 
III-V  semiconductor  materials,  organic  on 
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Fiber  Optic  Joint  Coordination 


Figure  2  Fiber  optic  Joint  Coordination 


inorganic  semiconductor  devices,  the 
bipolar  inversion  channel  FET  (BICFET)  and 
optically  powered  optoelectronics  on  III- 
Vs.  Several  programs  are  addressing  the 
problem  of  the  optoelectronically 
integrated  source/driver  and 
photodetector/preamplifier.  Others  are 
concerned  with  building  blocks  based  on 
bandgap  engineering  in  the  IIl-Vs. 

Discrete  components  are  still  being 
developed,  notably  laser  diodes  optimized 
and  packaged  for  high-speed  broadband 
analog  direct  modulation  and  also 
waveguide  modulators  for  similar 
applications  where  wide  dynamic  range  and 
extreme  frequency  range  are  needed. 
Modulators  based  on  LiHb03  and  GeiAs  are 
being  developed  for  ultra  high-speed 
performance  presently  limited  by  velocity 
walk-off.  Velocity  equalization  by 
burying  the  microstrip  should  raise  the 
frequency  limit  to  the  vicinity  of  100 
GHz.  Future  performance  to  500  GHz  is 
conceivable  when  microwave  dispersion  and 
skin  effect  resistance  are  eliminated. 
Directly  modulated  lasers  are  close  to  the 
20  GHz  mark  with  the  fundamental  limit 
probably  around  40  GHz  in  the  VCSEL 
devices.  Low  power,  high  efficiency  laser 
arrays  for  2-dlmensional  optical 
processors  based  on  the  VCSEL  technology 
are  on  the  horizon. 


Discrete  modulation  and  switching  devices 
based  on  multi  quantum  well  structures  are 
in  the  research  phase  but  will  be  an 
important  factor  in  future  OEIC.  Organic 
nonlinear  optical  materials  are  also 
potentially  for  compact  modulators  and 
switches  in  OEIC.  A  new  class  of  organic 
semiconductors  based  on  the  polycyclic 
aromatic  tatracarboxylic  acid  anhydrides 
have  extremely  interesting  and  potentially 
important  electronic  and  optical 
properties . 

A  crucially  important  emerging  technology 
in  which  there  is  presently  relatively 
little  Triservice  activity  is  optical 
amplification  in  fibers  and  in 
semiconductor  devices.  This  technology 
will  open  up  a  whole  new  range  of 
applications  including  long-haul  fiber 

communications  without  repeaters,  fiber  to 
the  home  and  multiple  access  local  area 
networks.  The  Air  Force  is  currently 
Involved  in  semiconductor  amplifiers  for  a 
programmable  infinite  impulse  response 
filter  based  on  fiber  delay  lines.  The 
Navy  is  reporting  some  work  on  a  tilted- 
facet  ridge  waveguide  amplifier  and  a 
diode-pumped  fiber  laser  which  is  closely 
related  to  the  fiber  amplifier.  This 
technology  seems  destined  to  be  important 
in  long-line  undersea  communications  and 
in  optical  signal  processing  application 
such  as  the  recirculating  delay  line 
problem  alluded  to  above. 

Point-to-point  monomode  fiber  optic 
communications  is  maturing  so  that  future 
trends  of  the  technology  will  be  toward 
optical  processing.  In  addition  to  the 
challenging  problem  of  fabricating  2- 
dimensional  laser  and  detector  arrays 
advances  are  also  needed  in  spatial  light 
modulators  and  rebroadcasters,  pixellated 
arrays  which  can  accept  an  optical  input 
and  provide  an  optical  output  with  some 
intermediate  processing  performed 
electronically.  The  BICFET  and  the 
optically  powered  OEIC  are  current 
approaches  to  this  formidable  problem. 

Sensors 

Air  Force  fiber  optic  sensor  programs 
encompass  the  following  broad  technology 
areas:  explosive  pressure,  detonation 
velocity  and  temperature;  fiber  optic  gyro 
technology;  aircraft  health  monitoring; 
smart  structures;  enviroiunental  and 
chemical  sensors.  This  work  is  being 
accomplished  at  Wright  Laboratory's 
Armament,  Avionics  and  Flight  Dynamics 
Directorates;  Phillips  Laboratory 
Astronautics  Directorate;  and  the  Air 
Force  Engineering  and  Services  Laboratory. 
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Fiber  Optic  Technology  Program  Office 
development  work  is  continuing  on  fiber 
optic  sensors  and  sensor  systems  over  a 
wide  technology  base.  The  objective  of 
the  program  is  to  develop  new  classes  of 
fiber  optic  sensors  for  the  measurement  of 
acoustic  and  magnetic  fields,  engine 
performance  and  environmental  parameters. 
These  devices  would  provide  improved 
performance  at  a  lower  cost  with  a  savings 
in  weight  and  size.  In  addition,  optical 
multiplexing  of  these  type  sensors  has  the 
capability  for  greater  flexibility  and 
reliability  in  providing  the  detailed 
sensing  information  at  the  location  where 
it  is  most  needed. 

The  All  Optical  Towed  Array  Acoustic 
Sensor  (AOTA)  which  Includes  heading, 
pressure  and  temperature  sensors  has 
successfully  completed  an  Advanced 
Technology  Demonstration  Program.  This 
program  was  a  collaborative  effort  with 
the  Naval  Underwater  Systems  Center,  Naval 
Ocean  Systems  Center  and  contractors. 
Related  to  the  AOTA  program  has  been  the 
fiber  optic  planar  sensor  array 
development  effort  for  ship  hull  mounting. 


Future  Air  Force  thrust  areas  to  be 
pursued: 

Additional  work  in  improvement 
of  linearity  of  fiber  optic  links  using 
alternate  modulation  technigues 

-  Improved  wider  band  performance 
of  high  linearity  fiber  optic  links 

-  Increasing  the  upper  frequency 
limit  of  fiber  optic  links  including  both 
conventional  and  high  linearity  links 

Improved/reduced  size  opto¬ 
electronic  integrated  circuits  for  phased 
array  antenna  applications 

Thrust  areas  that  need  to  be  addressed: 

-  Low  loss  integrated  photonic 
waveguide 

-  Higher  efficiency,  hirher 
frequency,  lower  noise,  higher  dynamic 
range,  active  photonic  components  -  such 
as  sources,  modulators,  and  detectors  - 
for  point-to-point  systems 


Point-to-Point  Systems 

The  Army  successfully  fielded  tactical 
fiber  optic  subsystems  including  the 
CECOM-developed  Tactical  Fiber  Optic  Cable 
Assembly  (TFOCA)  in  key  systems  such  as 
Patriot  in  the  recent  conflict  in  the 
Middle  East.  In  addition,  the  Optical 
Communication  Set  AN/GAC-4  replacing  the 
26  pair  cable  was  fielded  to  meet  the 
local  area  communications  needs. 

At  this  time,  the  fiber  optic  technology 
has  been  Introduced  and  accepted  to  meet 
the  needs  of  the  five  Battlefield 
Functional  Areas.  Prototype  systems 
carrying  the  local  area  networks 
communications,  command  and  control  have 
been  developed  using  the  same  TFOCA  which 
is  used  to  replace  the  twin  coax  and  the 
twenty-six  pair  cables.  The  replacement 
of  two  metallic  communications  cables  by 
only  one  has  resulted  in  significant  cost 
savings  and  reduction  of  the  logistics 
burden. 

The  TFOCA  is  currently  considered  by  NATO 
to  become  a  NATO  standard.  The  Army 
successfully  demonstrated  its  capability 
to  provide  key  fiber  optic  subsystems  to 
meet  field  requirements.  This  success  has 
been  recognized  by  the  other  services  and 
requests  for  cooperation  have  been 
increasing.  This  will  result  in 
significant  cost  savings  for  the  taxpayer 
and  will  help  field  a  standard  product 
supportable  by  all  parties  involved. 


-  Higher  efficiency,  lower  loss, 
passive  components  -  such  as  couplers, 
isolators,  and  switches  -  for  point-to- 
point  systems 

Navy  Thrusts  Are: 

-  Development  of  fiber  optic 
tether  cables 


~  Development  of  fiber  optic 
tactical  data  link 


■■  operational 

digital  fiber  optic  communication  links  at 
several  military  sites  worldwide 

Network  Svsj-emg 

The  Fiber  Optic  Tactical  Local  Area 

is  s  continuing  program. 
Its  objective  is  to  demonstrate  real-time 

on^ri'nX  and  data  traffic  transmission 
on  a  100  Mb/s  fiber  optic  packet  LAN.  To 
completed  Network  Interface 
Unit  (NIUJ  board  simulation,  achieved  real 
time  full  resolution  NTSC  compressed  video 
transmission  (10  Mb/s),  and  implemented 
fiber  optic  module  interchangeability  and 
bypass  capability.  Current  efforts  are 
directed  toward  developing  FDDI  NlUs  that 
tim®  voice,  video  and  data, 
then  integrating  them  into  Army  testbeds. 

is  the  only  network  program  which  has 
made  a  transition,  from  6.2  to  6.3A. 
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Survivable  Adaptive  Systems  Technology 
Demonstration  is  a  new  program.  Its 
objective  is  the  development  of  a 
communication  and  information  processing 
infrastructure  which  supports  connectivity 
demands  of  evolving  C3  systems.  The 
approach  is  to  build  upon  the  Army 
Tactical  Command  and  Control  System 
(ATCCS) ,  transfer  any  hardware  or  software 
developments  to  the  Common  Hardware 
Software  Program  and  demonstrate 
evolutionary  growth  to  the  ATCCS  objective 
system. 

The  Very  High  speed  Optical  Networks 
program  seeks  to  develop  a  very  high  speed 
optical  (500-2000  Mb/s)  network  capable  of 
supporting  the  requirements  for  advanced 
avionics  architectures  such  as  PAVF  PILLAR 
and  PAVE  PACE.  To  achieve  tNefewob^ective, 
requirements  will  be  investigated  and 
potential  technologies  examined  such  as 
optical  switching  and  wavelength  division 
multiplexing  (WDM) . 

The  Fiber  Optic  Active  Star  Coupler 
program  focusses  on  developing  and 
demonstrating  an  active  optical  star 
coupler  as  a  drop-in  replacement  for  the 
64-port  passive  transmissive  star  coupler 
in  the  High  Speed  Data  Bus  system,  a  50 

Mb/s  token  passing  bus.  Although  not  a 
network  within  the  entire  sense  of  the 
definition,  the  fiber  optic  star  coupler 
is  a  major  component  and  its  capabilities 
bear  directly  on  the  performance  of  a 
network  into  which  it  is  inserted.  The 
program  is  conducting  tradeoff  studies  and 
lab  experiments  to  determine  the  best 
approach  for  implementing  the  star  coupler 
with  a  single  transmitter  and  receiver, 
then  extending  the  result  to  the  remainder 
of  the  ports. 

pother  program  which  examines  components 
integral  to  network  performance  is  the 
Advanced  Aircraft  Avionics  Packaging 
Technology  -  Photonic  Connector  and 
Backplane  Technology.  Its  objective  is  to 
investigate  alternate  approaches  to  reduce 
the  demands  on  electrical  backplanes  for 
common  modules  by  using  optical 
interconnects.  The  Standard  Hardware 
Acquisition  and  Reliability  Program  (AATD- 
SHARP)  will  demonstrate  a  MIL-STD-1553  to 
MIL-STD-1773  SEM-E  converter  module 
production  prototype.  The  plan  is  to 
rework  the  laboratory  demonstration  model 
developed  earlier  in  the  program  and 
flight  test  with  fiber  optic  control 
systems  aboard  a  NASA  F-18.  To  support 
AATD  and  SHARP,  the  Optical  Backplane 
program  is  working  on  an  optical 
backplane.  It  is  developing  technology 
and  fabrication  processes,  performing 
environmental  testing  and  developing 
embedded  fiber  approaches.  Ultimately,  it 
will  produce  and  flight  test  a  prototype. 


Supporting  high  speed  data  communications, 
the  AATD  Sensor  Data  Distribution  Network 
is  developing  a  prototype  fiber  optic 
switched  network.  Results  from  evaluation 
of  the  prototype  will  go  into  a  Tri- 
Service  specification. 

Implementation  of  networks  based  on  the 
Survivable  Adaptable  Fiber  Optic  Embedded 
Network  (SAFENET)  standard  is  slated  for 
the  near  future.  The  standard  is  being 
developed  under  the  auspices  of  the  Next 
Generation  Computer  Resources  program. 

The  program  seeks  the  development  of  LAN 
standards  which  are  applicable  to  mission 
critical  computer  resources  on  air. 

Surface  and  subsurface  platforms.  It 

involves  a  joint  Navy/ industry  effort 
along  with  participation  with  applicable 
national  and  international  standards 
efforts.  Two  programs  furthering  the 
development  via  implementation  of  the 
standards  are  the  SAFENET  Development 
Facility  and  the  AEGIS  LAN  prototype 
project.  The  SAFENET  Development 
Facility,  located  at  the  Naval  Ocean 
systems  Center,  San  Diego,  provides  the 
Navy  with  an  experimental  testbed  for 
developing  SAFENET  II  in  conformance  with 
the  standard.  Currently,  a  SAFENET  II  LAN 
has  been  implemented  up  through  the  ISO 
logical  link  layer  and  performance 
evaluations  are  planned.  The  AEGIS  LAN 
prototype  project  is  evaluating  fiber 
optic  LAN  interconnection  techniques  which 
will  provide  benefit  to  the  AEGIS  program. 
It  will  develop  a  SAFENET  testbed  at  the 
Naval  Surface  Warfare  Center,  Dahlgren, 

VA,  using  MXn,TlBUS  II  backplanes  and 
commercially  developed  components. 

Two  programs  are  looking  at  specific  NAVY 
applications  requiring  LANs.  The  Rapid 
Anti-Ship  Missile  Integrated  Defense 
System  (RAIDS)  requires  distribution  of 
common  data  and  recommendations  for 
display  to  key  tactical  watch  standers. 
Data  from  approximately  8  existing 
tactical  systems  is  interconnected  with  3 
watch  stations  via  a  fiber  optic  Ethernet 
LAN.  Another  application  is  a  Fiber  Optic 
Network  for  the  MK-7  Arresting  Gear 
Control  Readiness  System.  Work  is 
focussed  on  developing  a  physical  layer 
that  is  100%  independent  of  control  layer 
protocols  to  ensure  portability  into  the 
network  choice  for  the  MK-7  Arresting  Gear 
Communications  System. 

For  future  applications,  there  are  the 
Fiber  Optic  LANs  for  Shipboard  Voice 
systems  and  the  High  Speed  Optical  Network 
(HSON) .  The  Fiber  Optic  LANs  for 
Shipboard  Voice  Systems  is  looking  at 
innovative  concepts  for  fiber  optic  LAN 
based  shipboard  voice  communication 
systems  by  developing  a  working  prototype. 
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The  prototype  will  be  based  on  OSI 
standards  and  military  and  commercial 
components.  To  serve  an  entire  ship's 
communications  needs,  including  linking 

LANs  like  SAFENET,  HSON  Is  developing 
networking  and  fiber  optic  technology 
concepts  which  will  lead  to  a  standardized 
approach.  This  is  realized  in  a  first 
step  high  speed  fiber  optic  network 
operating  at  1.7  Gb/s.  Current  efforts 
center  on  acquiring  the  high  speed 
switches  and  three  SONET  nodes  and 
demonstrating  data  transmission  between 
them. 
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Abstract 

This  paper  describes  a  GaAs  transmiti^eceive 
optoelectronic  integrated  circuit  (OEIC)  for  optical 
communication  and  sensing  applications.  Significant 
progress  toward  the  monolithic  realization  of  this  OEIC 
has  been  achieved.  In  particular,  high-performance  GaAs 
electro-optic  waveguide  modulators  with  monolithic 
MESFET  drive  electronics  and  low-loss  channel 
waveguides  with  integrated  multi-GHz  metal- 
semiconductor-metal  (MSM)  photodetectors  have  been 
demonstrated.  The  monolithic  integration  of  these 
passive  and  active  waveguide  components  with 
photodetectors  and  electronic  circuitry  represents  the 
enabling  device  and  process  technologies  for  realizing 
transmit/receive  OEICs  that  utilize  external  modulation 
of  a  cw  optical  source. 


Inlroduction 

Optoelectronic  transceivers  are  critical  for  the 
development  of  several  fiber-optic  communication 
systems,  including  optically  controlled  phased-array 
radars,  and  a  hybrid  microwave-to-photonic  transceiver 
module  has  recently  been  demonstrated.^  This  paper 
describes  progress  toward  the  development  of  a 
monolithic  transmit/receive  <J/R)  OEIC,  which  utilizes 
semiconductor  integrated  optics  to  externally  modulate  a 
cw  optical  source  and  to  provide  photonic  signal 
routing.  Monolithic  realization  of  the  transceiver 
provides  increased  interconnection  reliability,  reduced 
external  drive  power  through  on-chip  amplifier  gain,  and 
decreased  size,  weight,  and  parasitic  reactance.  The 
external  modulation  format  is  chosen  to  facilitate  high- 
linearity,  wide-dynamic-range  operation  at  high  optical 
power  levels. 

The  GaAs/AlGaAs  material  system  is  attractive 
for  guided-wave  optoelectronic  integration  because  of  die 
maturity  of  GaAs  electronic  device  and  processing 
technology,  the  radiation  hardness  of  GaAs  electronics, 
and  the  transparency  of  these  semiconductors  at  0.8-, 
1.3-,  and  1.5S-pm  fiber-communication  wavelengths. 
Figure  1  illustrates  the  proposed  transceiver  OEIC, 
which  can  be  realized  by  combining  the  indicated  t^dcal 


waveguide  components  with  photodetectors  and 
electronic  control  circuitry  on  a  common  GaAs 
substrate.  The  waveguide  dii^tional  coupler  is  used  to 
actively  switch  the  circuit  between  the  transmit  and 
receive  modes,  enabling  a  single  optical  fiber  to  carry 
both  the  input  and  output  signals.  Key  components  of 
the  propos^  T/R  OEIC  are:  passive  waveguides;  active 
electro-optic  devices,  such  as  the  directional  coupler 
switch  and  the  optical  intensity  modulator,  a  waveguide- 
coupled  photodetector,  and  MESFET  driver  and  receiver 
electronics. 

The  transceiver  OEIC  of  Fig.  1  is  currently 
under  development  and  the  enabling  device  and  process 
technologies  for  realizing  this  structure  have  been 
demonstrated,  as  described  below.  In  particular,  several 
advancements  in  the  area  of  opto-electronic  integration 
are  reported.  First,  a  high-performance  GaAs  electro- 
optic  waveguide  modulator  with  monolithic  MESFET 
drive  electronics  is  described.  High-contrast  (>15  dB) 
optical  intensity  modulation  is  achieved  in  this  device 
for  an  input  voltage  swing  of  only  0.26  V.  Second,  a 
low-loss  channel  waveguide  with  an  integrated  multi- 
GHz  GaAs  metal-semiconductor-metal  (MSM) 
photodetector  operating  at  A.  =  0.8  pm  is  reported  in  a 
structure  compatible  with  both  high-performance 
modulator  and  electronics  intention.  Finally,  high¬ 
speed  operation  of  a  back-illuminated  1.3-pm  InGMs 
MSM  photodetector  fabricated  on  a  GaAs  substrate  is 
describe 


CW  li9hl 
input 


Fig.  1.  Proposed  single-fiber  transmitAeceive  GaAs 
OEIC  realized  by  integrating  optical 
waveguide  components  with  photodetectors 
and  hffiSFEl’  electronics. 
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Transceiver  Intejzration 

Waveguide  modulator  with  monolithic  drive  electronics 

A  novel  epitaxial  structure  and  optoelectronic 
processing  sequence  have  been  developed,  permitting 
monolithic  integration  of  high-performance  electro-optic 
waveguide  components  and  GaAs  MESFET  circuitry .2 
Using  this  technology,  the  external-drive-voltage 
requirement  of  a  GaAs/i^GaAs  Mach-Zehnder  modulator 
has  been  substantially  reduced  through  the  integration  of 
a  MESFET  drive  amplifier.  A  circuit  schematic  and  a 
cross-sectional  profile  of  the  integrated  modulator/ 
MESFET  structure  are  shown  in  Fig.  2.  The 
waveguide  in  Fig.  2(b)  is  designed  for  single-mode 
operation  at  X  =  1.3  pm;  a  similar  structure  for 
X  =  0.8  pm  operation  is  really  achieved  by  increasing 
the  A1  content  of  the  waveguide  core  and  cladding  layers. 
The  approach  outlined  in  Fig.  2  enables  the  modulator 
drive  voltage  to  be  reduced  tlwough  the  integration  of  the 
MESFET  amplifier  with  no  adverse  impact  on  the 
modulator  propagation  loss,  optical  contrast  and 
bandwidth. 

The  inherent  electro-optic  efficiency  of  the 
Mach-Zehnder  modulator  is  characterized  by  directly 
modulating  the  voltage  applied  to  the  bias-conpol  arm. 
In  agreement  with  calculations  based  on  the  linear 
electro-optic  effect,  the  half-wave  voltage  is  6  V  for  8- 
mm  electrodes,  as  shown  in  Fig.  3(a).  For  comparison. 
Fig.  3(b)  shows  the  optical  transfer  characteristic  of  the 
same  device  with  the  drive  voltage  applied  to  the 
amplifier  input.  This  latter  characteristic  represents  a 
combination  of  the  amplifier  and  Mach-Zehnder  transfer 


functions;  both  the  amplifier  and  modulator  are 
operating  in  their  linear  regimes  in  the  central  switching 
portion  of  the  curve.  As  a  result  of  on-chip  amplifier 
gain,  the  integrated  device  exhibits  >15  dB  optical 
extinction  for  an  input  voltage  swing  of  only  0.26  V. 

Measured  propagation  losses  in  the  passive  and 
active  waveguide  sections  of  the  amplifier/modulator 
circuit  are  0.3  and  1 .5  dB/cm,  respectively,  resulting  in 
a  total  on-chip  loss  <4  dB  for  2.2-cm-long  Mach- 
Zehnders  with  8-mm  electrodes.  The  measured  ~1  GHz 
bandwidth  of  the  modulator/amplifier  OEIC  is 
determined  by  the  capacitive  charging  time  of  the  8-mm 
lumped-element  modulator  electrode.  By  utilizing  a 
traveling-wave  electrode  configuration,  the  present  device 
could  operate  at  frequencies  to  ~5  GHz.  For  higher- 
frequency  operation,  a  MESFET-compatible  modulator 
structure  fabricated  on  a  semi-insulating  GaAs  substrate 
is  currently  under  investigation. 

Waveguide-integrated  photodiode  with  total-intemal- 
reflection  coupling 

In  addition  to  requiring  the  integration  of 
electro-optic  waveguide  devices  with  electronics,  the 
transceiver  of  Fig.  1  calls  for  monolithic  waveguide-to- 
photodetector  coupling  in  a  structure  compatible  with 
active  waveguide  devices.  Efficient  optical  coupling 
between  a  low-loss  AlGaAs  channel  waveguide  and  a 
monolithic  high-speed  GaAs  MSM  photodetector  has 
been  demonstrated  using  a  vertically  deflecting  total- 
intemal-reflection  (TIR)  minor  formed  by  wet  chemical 
etching.^  A  cross-sectional  profile  of  the  integrated 
wave^uide/photodetector  is  shown  in  Fig.  4(a).  Optical 
radiation  dXX-  0.84  pm  is  incident  from  an  AlGaAs 
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Fig.  2.  (a)  GaAs  Mach-Zehnder  optical  intensity 

modulator  with  monolithically  integrated 
MESFET  amplifier. 

(b)  Cross-sectional  profile  of  GaAs  electro¬ 
optic  modulator  and  integrated  MESFET. 
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Fig.  3.  Intensity  vs.  voltage  response  of  GaAs 
modulator/amplifier  OEIC.  On/off  optical 
switching  occurs  for  a  voltage  swing  of 
either  (a)  6  V  applied  to  the  modulator's 
bias-control  arm  or  (b)  0.26  V  applied  to 
the  amplifier  input.  The  supply 
voltage,Vdd,  is  9.5  V. 
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Fig,  4.  (a)  Cross-sectional  profile  of  a  waveguide- 

integrated  photodetector  utilizing  a  total- 
internal-reflection  coupling  mirror,  (b) 
SEM  photograph  of  a  fabricated  device  with 
wet-etched  mirror. 

single-mode  strip-loaded  waveguide  onto  an  etched  TIR 
mirror.  The  mirror  redirects  the  optical  beam  upward 
through  the  transparent  cladding,  onto  the  backside  of  an 
overlying  GaAs  MSM  photodetector.  The  AlGaAs 
waveguide  and  cladding  are  sufficiently  thick  to  confine 
>99.9%  of  the  guided  mode  within  these  transparent 
layers,  ensuring  low  propagation  loss,  yet  the  optical 
path  from  the  mirror  to  detector  through  the  upper 
cladding  is  sufficiently  short  to  prevent  appreciable 
spreading  of  the  unguided  beam.  Hence,  the  TIR  mirrcR' 
provides  efficient  coupling  between  a  low-loss 
waveguide  and  small-area  photodetector.  A  key  feature 
of  the  structure  in  Fig.  4(a)  is  its  compatibility  with  the 
previously  described  integration  of  MESFET  electronics 
and  active  waveguide  devices. 

Figure  4(b)  shows  a  SEM  photograph  of  an 
integrated  waveguide/detector  with  a  wet-chemicai-etched 
TIR  mirror.  The  key  step  in  the  device  fabrication 
sequence  involves  etching  the  retrograde  mirror,  whose 
sunace  must  be  angled  greater  than  I?**  from  the  wafer 
normal  in  order  to  satisfy  the  TIR  condition.  Both  CI2- 


assisted  ion  beam  etching  and  wet  chemical  etching  in 
1  H2S04;8  H2O2;  1  H2O  have  been  used  to  produce 
suitably  angled  (18°  -  22°)  reflectors. 

An  internal  responsivity  of  0.56  A/W 
(photocurrent  divided  by  power  in  waveguide)  is 
measured  at  X  =  0.84  pm  for  the  waveguide-coupled 
photodetector,  corresponding  to  an  internal  quantum 
efficiency,  Tiint  =  0.83.  The  calculated  value  of 
Tlint  =  0.82,  which  assumes  unity  carrier  collection 
efficiency,  is  in  close  agreement  with  the  measured 
value,  indicating  a  low  recombination  velocity  at  the 
etched  surface.  Low  dark  current  (<1  nA  at  10  V)  and 
high  breakdown  voltage  (>25  V)  provide  additional 
evidence  that  mirror  etching  does  not  degrade 
photodetector  performance.  The  waveguide-illuminated 
photodetector,  with  2-pm  finger  spacing,  exhibits  a 
5-GHz  3-dB  bandwidth.  Currently,  the  photodetector 
bandwidth  is  limited  by  the  (150  x  l(X)  pm^)  bond  pad- 
to-backplane  capacitance.  Reducing  the  bond  pad  area 
and  finger  spacing  will  extend  the  detector  bandwidth  to 
>10  GHz  while  maintaining  high  quantum  efficiency. 

Long-wavelength  InGaAs-on-GaAs  photodiodes 

The  two  preceding  technology  demonstrations 
are  sufficient  for  realizing  a  X  =  0.8  pm  GaAs 
transceiver  OEIC.  The  transceiver  could  also  operate  at 
the  1.3-pm  minimum-fiber-dispersion  wavelength  if  a 
suitable  long-wavelength  photodetector  could  be 
fabricated  on  a  GaAs  substrate.  Through  the 
incorporation  of  a  1,3-pm-sensitive  Ino.4Gao.6As 
absolving  layer,  a  high-speed  long-wavelength  MSM 
photodiode  on  GaAs  has  recently  been  demonstrated. 

The  1.3-pm  photodetector  employs  thick 
deliberately  lattice-mismatched  InGaAs  layers  to  force 
dislocations  to  loop  and  terminate  within  a  thin  region 
at  the  heterointerface,  far  from  the  carrier  collection 
electrodes.^  A  cap  layer  graded  from  Ino.4Gao.6As  to 
Ino.4Alo.6As,  which  is  grown  at  the  surface  of  the 
device,  serves  to  enhance  the  Schottky  barrier  height  of 
the  MSM  contacts.  Because  this  cap  layer  is  lattice- 
matched  to  the  underlying  absorbing  layer,  it  provides  a 
dislocation-free  path  for  collection  of  photogenerated 
carriers,  while  reducing  photodiode  dark  current. 

The  fabricated  MSM  photodiodes  consist  of  6 
pairs  of  2  X  50  pm^  Ti/Pt/Au  fingers  with  2-pm 
spacing,  for  a  50x  50  pm^  active  area.  Tim  total 
device  area  including  bond  pads  is  3  x  lO'^  cm^. 
Traical  dark  currents  for  these  detectors  are  <200  nA  at 
10  V  and  breakdown  occurs  at  ~35  V.  The  dc 
photoresponse  is  characterized  at  X  =  1.3  pm  under 
both  frontside  and  backside  illumination  and  a  90% 
internal  quantum  efficiency  is  measured  for  both  cases. 
For  a  back-illuminated  0.5-pm-thick  detector  with  no 
anti-reflection  (AR)  coating,  the  measured  external 
responsivity  is  0.4  A/W.  From  this  measurement  a 
0.9- A/W  responsivity  is  predicted  for  a  1-pm-thick  back- 
illuminated  device  with  backside  AR-coating.  This 
value  approximates  the  internal  responsivity  expected  for 
a  waveguide-integrated  photodetector  using  the  TIR- 
coupling  technique  described  above.  The  measured  3-dB 
bandwidth  for  these  detectors  is  4.5  GHz. 
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SummafY 


A  single-fiber  transmit/receive  OEIC 
incorporating  optical  waveguide  devices,  photodetectors, 
and  electronic  circuitry  on  a  common  GaAs  substrate  has 
been  discussed,  and  the  enabling  technologies  for 
fabricating  this  OEIC  for  operation  at  both  0.8-  and 
l.S-pm  wavelengths  have  been  demonstrated. 
Monolithic  realization  of  optical  transceiver  modules 
offers  significant  benefits  in  terms  of  performance, 
reliability,  size,  and  cost,  making  these  devices 
particularly  attractive  for  a  variety  of  fiber-optic 
communications  applications. 
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ABSTRACT 


THEORY  OF  LINEAR  PHASED  ARRAYS 


The  advantages  of  true  time  delay  RF  beam 
forming  and  beam  steering  are  well  known.  True 
time  delay  with  wideband  radiating  elements 
permits  large  transmit  and  receive  frequency 
excursions  without  beam  wander  (beam  squint)  as 
the  frequency  is  changed,  and  also  permits  the 
use  of  wideband  waveforms  .  A  number  of  different 
approaches  are  being  investigated  to  implement 
true  time  delay  beam  steering  for  RF  phased  array 
antennas.  This  paper  discusses  beam  pattern 
generation  and  analysis  using  an  early  model 
transmit  phased  array  implemented  with  fiber 
optic  delay  lines.  Two  arrays,  one  at  X-band  and 
one  at  L-band,  each  have  the  same  physical  length 
and  split  into  four  subarrays,  use  a  common  time 
delay  generator  for  each  corresponding  subarray 
on  both  bands.  This  paper  reveals  how  far-field 
patterns  confirm  earlier  near-field  pattern 
generation  and  that  true  time  delay  beam  pointing 
does  not  significantly  change  with  frequency. 


INTRODUCTION 

The  main  principle  of  this  microwave 
multi band  phased  array  antenna  is  the  use  of 
optically  controlled  photonic  delay  lines  for 
beam  forming  and  steering.  The  use  of  fiber  optic 
delay  lines  in  the  phased  array  antenna  instead 
of  phase  shifters  or  RF  waveguide  or  coaxial 
cable  has  the  following  advantages:  weight, 
compact,  flexibility,  wide  band  operation, 
nondispersive  over  multiple  bands  of  microwave 
frequencies,  and  immunity  to  electromagnetic 
interference.  This  system  is  suitable  for 
spaceborne  and  airborne  phased  array 
applications. 

The  far-field  pattern  development  is  under 
sponsorship  of  Rome  Laboratory  (formerly  Rome  Air 
Development  Center).  Hughes  Aircraft  Company 
developed  the  two-band  Optically  Controlled 
Phased  Array  Transmitter  under  contract  to  Rome 
Laboratory.  The  content  of  this  paper  is  devoted 
to  understand  the  functionings  of  the  transmitter 
and  results  of  beam  pattern  development. 


The  radiating  elements  of  the  transmitter 
are  one-dimensional  (linear)  arrays  which  are 
mostly  used  in  microwave  applications.  It 
consists  of  N  isotropic  radiators  with 
equispacing  at  a  distance  d  (d  >  L/2)  apart.  The 
radiation  pattern  of  this  array  is  called  the 
array  factor.  For  uniform  amplitude  excitation  in 
the  absence  of  errors,  it  can  be  written  : 

EiO)  =  (Ij 

n=l 
and 


(2) 


Where  K  is  the  wave  number 

f  is  an  operating  frequency 

6  is  the  beam  angle 

(ndsinS)  is  n'"  phased  delay  distance 

1/N  is  normalized  factor  of  array  pattern 

n^  •  1  s  index  of  refraction 


The  expanding  series  in  equation  (1)  can  be 
summed  to  give 


£(0)  = 


3in(WCd|iiie) 


(3) 


The  far-field  intensity  pattern  of  this  linear 
array  can  be  written  as  follows: 


J(0)  =  |£(e)  I’ 


gin(iWCd^) 


Nsin(^^^) 


(4) 


The  far-field  range  R  of  the  antenna  can  be 
determined  by  the  following  equation: 


R  i 


2L* 


(5) 


Where  L  is  the  largest  dimension  of  the  antenna 
array  and  X  is  the  operating  wavelength. 
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RF 

INPUT 


BIAS  SWITCHING  8:1  FIBER  OPTIC 


Figur#  2.  Schewatic  of  3-Mt  fiber  optic  switching  network. 
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OPTICALLY  CONTROLLED  PHASED  ARRAY 


The  optically  controlled  phased  array  dual 
band  transmitter  with  true  time  delay 
beamsteering  is  depicted  in  Figure  1.  The 
operating  frequencies  in  far-field  testing  at  the 
Newport  Short  Range  Test  Site  were  1.8  GHz  to  2.0 
GHz  for  L-band,  and  8.5  GHz  to  9.5  GHz  for  X- 
band.  The  RF  analog  input  signal  of  both  bands  of 
the  optically  controlled  phased  array  transmitter 
will  split  four  ways  to  feed  four  linear 
subarrays  (  the  radiating  elements  of  either  band 
were  divided  into  four  subarrays).  The  divided 
signal  in  each  channel  will  again  split  into 
eight  analog  fiber  optic  links.  At  this  point  the 
insertion  loss  is  approximately  15  dB.  The  eight 
fibers  were  spliced  into  an  eight-to-one  star 
coupler  as  shown  in  Figure  2.  This  module  is 
called  true  time  delay,  and  will  be  discussed  in 
detail  later  on. 

The  RF  insertion  loss  at  the  output  of  the 
GalnAs/InP  detector  is  approximately  90  dB.  A 
nonuniform  distribution  of  insertion  losses 
between  all  channels  and  RF  paths  is  a  valid 
concern.  Therefore  steps  must  be  taken  to  ensure 
the  minimum  relative  insertion  loss  differences. 
The  matched  performance  of  all  four  channels  is 
crucial  for  the  proper  functioning  of  the 
beamforming. 

Each  output  signal  of  the  photodiodes  will 
feed  two  radiating  elements  in  each  L-band 
subarray,  or  feed  eight  radiating  elements  in 
each  X-band  subarray. 

There  are  four  subarrays  in  the  system.  The 
X-band  has  eight  elements  in  each  subarray  which 
are  used  to  construct  a  baseline  of  32  dipole 
radiating  elements.  There  are  two  modules  in  each 
subarray,  and  four  dipole  elements  in  each  phase 
shifter  module.  L-band  has  two  elements  in  each 
subarray  which  are  used  to  construct  a  baseline 
of  eight  vertical  monopole  elements  arranging 
side  by  side  and  lined  up  in  a  parallel 
structure.  The  polarization  is  horizontal  along 
the  linear  dimension  for  X-band,  and  vertical  for 
L-band.  The  array  size  of  both  band  is  20.8* 

(~  53  cm)  in  length.  The  element  spacing  is  0.65” 
(-'  1.65  cm)  for  an  X-band  antenna,  and  2.6* 

(~  6.60  cm)  for  an  L-band  antenna. 

The  band  pass  filters  (BPF)  were  used  to 
prevent  cross  band  interferences.  The  purpose  of 
a  line  stretcher  is  to  compensate  the  relative 
phased  differences  between  the  fiber  optic  beam 
steerer  and  the  array  system.  The  line  stretcher 
calibration  adjustment  was  set  to  minimize  errors 
in  the  system. 

The  gain  trimmer  was  used  only  in  X-band 
for  aa^litude  equalization  between  the  channels 
in  X-band  because  the  angular  width  of  each 
subarray  (channel)  falls  within  the  angular  scan 
limit,  whereas  the  angular  width  of  each  subarray 
in  L-band  is  much  larger  than  the  maximum  angular 
scan  limit.  If  the  amplitudes  of  each  channel  in 
X-band  are  nonuniformly  distributed,  it  may  cause 


a  lower  and  wider  main  lobe,  and  in  turn  raise 
the  amplitudes  of  the  side  lobes.  This  process  is 
called  destructive  beamforming. 

This  transmitter  was  designed  for  maximum 
angular  scan  limit  of  ±  28°.  The  L-band  2-element 
pattern  has  an  angular  width  of  60°.  Therefore  it 
causes  minima!  concern  for  constructive  beam 
interferences  because  its  angular  width  is  much 
larger  than  the  maximum  angular  scan  limit.  On 
the  other  hand,  the  X-band  8-element  subarray 
pattern  has  an  angular  width  of  approximately 
16.4°,  this  would  cause  destructive  beamforming. 
These  errors  can  be  corrected  by  using  additional 
optical  delay  lines  or  a  microwave  phase  shifter 
for  each  element  in  the  array.  The  decision  was 
made  to  use  phase  shifters  based  on  the  resources 
available  at  the  time.  Also  the  high  insertion 
losses  in  the  optical  true  time  delay  module 
helped  influence  the  decision. 

Again,  due  to  the  resources  available,  the 
decision  was  made  to  have  four  sets  of  fiber 
optic  switches  with  channel  #1  and  #4  having 
longer  delays,  and  channel  #2  and  #3  having 
shorter  delays.  Channels  1  and  4  feed  the  outer 
ends  subarrays  of  the  horizontally  arranged  one¬ 
dimensional  radiating  elements,  whereas  channels 
2  and  3  feed  the  middle  subarrays  as  shown  in 
Figure  1.  This  arrangement  will  provide  the 
proper  delay  values  for  forming  a  radiated  phase 
front. 

This  transmitter  was  built  not  only  for 
manual  operation  but  also  for  computer  control, 
therefore  the  switches  must  have  a  3-bit  variable 
switch.  2’  provides  8  combinations  of  delay 
increments  which  can  be  used  to  achieve  all 
possible  settings  for  microwave  beam  direction. 
In  turn,  an  eight-to-one  (8:1)  star  coupler  is 
required  in  optical  true  time  delay.  The  true 
time  delay  is  an  independent  frequency  delay.  The 
beamforming  or  beamsteering  to  the  desired  angle 
can  be  accomplished  independent  of  frequency. 
This  process  minimizes  the  beam  squint  as 
compared  to  the  frequency  operation  alone,  and  no 
decorrelation  between  channels  occurs.  It  is 
important  to  recognize  that  both  band  signals 
share  a  common  feed  fiber  optic  delay  network  and 
are  controlled  by  one  set  of  deUy  lines  which 
help  to  simplify  the  beamforming  architecture  of 
the  transmitter. 

The  8:1  star  coupler  is  coupled  to  8 
Galnasp/InP  buried  crescent  lasers  operating  at 
1.3  /an  wavelength.  The  optical  output  is  coupled 
to  a  GalnAs/InP  detector  with  a  bandwidth  of 
about  11  GHz.  Multimode  fiber  is  used  with  an 
index  of  refraction  of  1.47  (n,  -  1.47)  and  fiber 
dispersion  of  0.2  ps/(km-nm).  The  antenna 
aperture  and  maximum  steering  angle  determine 
fiber  optic  lengths,  and  the  lengths  were  cut  to 
0.5  mm  precision.  The  incremental  time  delay  is 
89  ps  for  channels  1  and  4  (AT  -  89  ps),  and  59 
ps  for  channels  2  and  3  (AT  -  59  ps).  The  total 
time  delay  setting  for  each  path  in  one  of  the 
four  optical  delay  channel  can  be  expressed  as 
follows  : 
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(C)  FREQUENCY:  9.0  GHz  SCAN  ANG:  -8"  (F)  FREQUENCY:  1.9  GHz  SCAN  ANG:  +8" 


Figure  3.  Radiation  patterns  of  phased  array  antenna. 
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+ 


(6) 


Where  T,  is  the  reference  time  delay 

Tj_,  is  the  i*"  path  total  time  delay 


The  differential  fiber  optic  length  (AL)  can  be 
determined  by  using  equation  (7)  below.  For 
channels  1  and  4,  AL  ■  1.81  cm  (AL  *  0.71”),  and 
AL  -  1.20  cm  (AL  -  0.47”  )  for  channels  2  and  3. 


V  = 


c 


aL 

aT 


(7) 


Figure  2  is  the  laser  switched  module  for 
a  3-bit  time  delay  line.  The  true  time  delay  also 
can  be  accomplished  by  switching  the 
photodetectors  instead  of  lasers.  There  is  no 
real  distinctive  advantages  between  two  methods, 
therefore,  cost  and  availability  are  the  decision 
factors.  Other  methods  of  true  time  delay  beam 
forming  and  steering  are  also  being  investigated 
but  they  are  more  futuristic  than  this  fiber 
optic  delay  line  switching  technique. 


CONCLUDING  RENARKS 

This  technical  work  confirms  that  the 
implementation  of  photonic  beam  forming  and 
steering  into  an  RF  phased  array  antenna  will 
permit  frequency  hopping  over  wide  frequency 
ranges  without  the  resultant  beam  squint  present 
in  a  conventional  RF  phased  array  antenna.  The 
advantage  also  extends  to  both  communications  and 
surveillance  applications  where  the  beam  wander 
off  target  could  occur  without  the  use  of  the 
true  time  delay  beam  forming  and  steering. 
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The  pattern  characterization  tests  were 
conducted  at  the  Rome  Laboratory  Tanner  Hill 
Newport  Short  Range  Test  Site.  The  X-band  and 
L-band  receive  gain  horns  were  mounted  674  ft 
(->205  m)  from  the  transmitter.  According  to 
equation  (5),  the  calculations  will  yield  the 
far-field  results  as  follows: 

R,  2  55  ft  for  X-band  and  R,^  >  12  ft  for  L-band. 
Therefore,  the  radiation  patterns  of  the  antenna 
were  far-field  cuts.  A  boresight  beam  squint  of 
3.5°  was  observed  between  L  and  X-band  and  main 
lobes  of  the  different  frequencies  in  a  band  at 
broadside  (0°  scanning)  stayed  within  0.5°  of 
each  other.  However  within  3°,  beam  squints  have 
been  observed  within  each  single  frequency 
testing  in  each  band  of  both  bands  if  the  scanned 
angles  were  steered  between  ±  28°.  This  3°  error 
is  believed  to  be  due  to  a  slight  misalignment 
between  the  parallel  antennas  and  errors  in  RF 
coaxial  line  lengths.  The  test  was  conducted  at 
frequencies  (1.8,  1.9,  2.0  GHz)  for  L-band,  and 
(8.5,  9. 0,9. 5  GHz  )  for  X-band.  The  1.9  and  9.0 
GHz  radiation  patterns  are  the  most  appropriate 
representations  of  each  band.  A  few  radiating 
patterns  were  chosen  to  represent  the  patterns  of 
both  bands  as  shown  in  Figure  3.  The  3-dB 
beamwidths  of  the  1.9  and  9.0  GHz  pattern  were 
approximately  17°  and  5°,  respectively,  and  these 
3-db  beamwidths  remain  somewhat  constant  as  the 
beam  steered  off  to  the  different  scanned  angle. 
The  pattern  characterization  tests  have  shown 
that  the  beam  squints  would  be  much  larger  if  the 
true  time  delays  were  not  Implemented. 
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ABSTRACT 

A  fiber  optic  cable  has  been  developed  for  use  in 
space  applications.  The  unique  requirements  for  the 
cable  were  derived  from  the  operating  conditions 
encountered  in  a  space  environment.  Radiation 
hardened  hermetic  optical  fibers  were  developed  in 
the  first  phase  of  a  concurrent  development 
program.  Using  these  fibers,  five  experimental  cable 
designs  were  built  and  subjected  to  a 
comprehensive  test  and  evaluation  program.  One 
cable  design  has  met  optical  and  mechanical 
operating  requirements  at  temperature  extremes 
ranging  from  -150‘C  to  +150'C.  resulting  in  a  fiber 
optic  cable  suitable  for  space  applications. 


INTRODUCTION 

The  development  program  of  a  single  mode  fiber 
optic  cable  for  space  applications  included  two 
phases.  The  first  phase  resulted  in  the  development 
of  an  optical  fiber,  successfully  tested  to  operate  in 
a  long  term,  low  dose  rate  radiation  space 
environment.  Parallel  to  the  fiber  development 
phase,  cable  designs  were  developed  around  the 
optical  fiber  to  withstand  the  environmental 
conditions  of  space.  The  experimental  radiation 
hardened  optical  fibers  were  manufactured  into  five 
different  single  fiber  cable  designs  that  were  then 
evaluated  through  a  comprehensive  test  program. 
Through  the  test  and  evaluation  period,  one  cable 
has  exhibited  good  performance  characteristics  over 
the  required  operating  conditions.  The  development 
process  and  the  results  of  the  test  and  evaluation 
program  are  presented  in  this  paper. 


CABLE  REQUIREMENTS 

The  requirements  tor  a  fiber  optic  cable  to  be  used 
in  space  applications  are  severe.  The  design 
specifications  (given  in  Table  1)  for  this  cable  were 
interKfed  to  simulate  operation  of  a  cable  directly  in 


the  open  space  environment.  These  specifications 
were  aggressive  design  goals  that  would  result  in  a 
highly  reliable  fiber  optic  cable. 

The  temperature  requirement  of  -150'C  to  +150'C 
provide  an  exceptional  design  challenge.  This  is 
further  compounded  when  these  extreme 
temperatures  are  the  operating  temperatures  for 
sub^uent  mechanical  requirements  such  as  cyclic 
flexing,  impact  and  cold  bend.  The  low  temperature 
requirement  of  -150‘C  presents  a  most  challenging 
requirement  in  two  respects.  As  shown  in  Figure  1, 
the  optical  fiber  developed  for  this  application 

Y  -T-a  OPERATING  REGIONS 


TEMPERATURE,  T(°C) 


Figure  1.  Operating  Range  of  Optical  Fibers 

exhibits  increasing  radiation  sensitivity,  indicated  by 
optical  losses  greater  than  150  dB/km,  with 
decreasing  temperature.  Additionally,  most  standard 
cable  materials  and  constructions  will  not  exhibit 
working  properties  at  temperatures  as  low  as  - 
150'C. 
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Table  1.  Cable  Design  Spacrficatons 


I 


TEST  DESCRIPTION 

REQUIREMENT 

OPTICAL  ATTENUATION 

<  .24  dB/km  at  1310  nm 

per  FOTP-78 

<  .30  dB^m  at  1550  nm 

THERMAL  CYCLING 

5  cycles  -150 'C  to +150  ‘C 

<  5  dB/km  rel.  optical  attenuation 

THERMAL  SHOCK 
-150'CtO  +150  ‘C 

<  5  dB^m  rel.  optical  attenuation 

CYCLIC  FLEXING 
per  DOD-1678.  Method  2010 

Temp  +  25‘C,  500  cycles 

Temp  +150'C,  500  cycles 

Temp  -150‘C,  500  cycles 

<  0.5  dB  rel.  optical  attenuation 

COLD  BEND 

per  DOD-1678.  Method  2030 

5  wraps  around  mandrel  at  -150‘C 

<  0.5  dB  rel.  optical  attenuation. 

IMPACT 

per  DOD-1678.  Method  2030 

Temp  -150*0,  50  impacts 

Temp  +25*C,  50  impacts 

Temp  +150*0,  50  impacts 

<0.5  dB  rel.  optical  attenuation 

FLAMMABILITY 
per  DOO-1678,  Method  5010 

Flame  travel  <  4  time  cable  00 

TENSILE  STRENGTH 

>  1000  N  (225  lbs)  breaking  strength 

RADIATION 

1  X  1  o'  rad  gamma  radiation 

>  70  %  of  tensile  strength  after  exposure 

ULTRAVIOLET  RESISTANCE 
exposure  equivalent  to  12  years  in 
space 

>  70%  of  tensile  strength  after  exposure 

TENSION-ELONGATION 

<  .25%  strain  at  76  N 

10  cycles  to  490  N 

<  .45%  strain  at  135  N 
<1.6%  strain  at  490  N 

TENSION-OPTICS 

<0.5  dB/km  rel.  optical  attenuation  at  490  N 

CABLE  DESIGN 

Based  on  a  survey  of  available  cable  materials  and 
designs,  the  qualification  of  an  existing  cable  was 
not  considered  feasible.  Driven  by  the  need  to 
satisfy  the  operating  temperature  range,  several 


cables  were  designed  on  an  experimental  basis  to 
determine  the  most  suitable  construction. 

The  key  elements  of  the  cable  design  are  the  fiber, 
fiber  buffer,  strength  member  and  outer  jacket  The 
optical  fiber,  developed  during  the  concurrent  fiber 
phase,  provided  the  core  element.  The  remaining 
cable  elements  were  varied  to  create  the  five 
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resulting  cable  designs. 

The  fiber  buffer  design  began  with  a  review  of 
polymeric  materials  capable  of  spanning  the 
operating  temperature  range.  The  original  buffer 
material  considered  was  a  PCTFE  fluorocarbon 
thermoplastic.  The  special  processing  techniques 
needed  to  extrude  this  material  were  impractical  to 


wide  temperature  range.  Four  cables  were 
manufactured  with  a  polyester  braided  jacket,  with 
one  cable  having  a  thin  tape  separating  the  strength 
member  fibers  from  the  jacket.  The  fifth  cable  was 
made  with  a  glass  fiber  braided  jacket.  The  five 
completed  cables  are  shown  in  cross  section  in 
Figure  2. 


HERMETIC 
OPTICAL 
FIBER 


CABLE  A1 


HERMETIC 


CABLE  B1 


HERMETIC 

OPTICAL 


HERMETIC 

OPriCAl 


CABLE  Cl 


Figure  2.  Cable  Designs 


develop  on  an  experimental  basis,  thus  the  material 
was  changed  to  an  FEP  fluorocarbon  thermoplastic. 
The  buffer  construction,  designed  to  be  extruded 
directly  over  the  fiber,  was  the  result  of  a  tradeoff 
between  a  large  outer  diameter  to  provide  greater 
impact  resistance,  and  a  smaller  diameter  which 
would  provide  better  temperature  performance  by 
minimizing  the  effects  of  the  thermal  expansion 
mismatch  between  the  fiber  coating  and  the  buffer. 
Three  of  the  manufactured  cables  included  the  same 
fiber  buffer,  while  the  other  two  cables  omitted  the 
buffer  altogether. 

The  strength  member  for  all  five  cables  was  selected 
to  be  parallel  lay  aramid  fibers,  directly  surrounding 
the  buffered  or  unbuffered  fiber.  Aramid  fiber,  used 
in  space  applications  and  throughout  the  fiber  optic 
cable  industry,  exhibits  the  required  operating 
temperature  range  along  with  high  tensile  strength. 

The  outer  jacket  was  designed  to  be  of  a  braided 
textile  fiber  construction.  This  approach  was  chosen 
to  allow  better  low-temperature  flexibility,  ease  of 
inspection  and  repair,  and  to  eliminate  jacket  creep 
and  shrink-back.  A  braided  fiber  jacket  avoids  the 
dimensional  instability  of  an  extruded  plastic  jacket 
that  can  cause  excessive  optical  attenuation  over  a 


CABLE  EVALUATION 

The  cables  were  manufactured  and  delivered  to  the 
test  lab  for  evaluation.  Immediately,  the  two  cables 
that  did  not  include  fiber  buffers  were  found  to  be 
unacceptable  designs.  During  handling,  the 
unbuffered  optical  fiber  was  easily  broken  as  it 
moved  unprotected  between  the  aramid  fibers. 

All  tests  requiring  an  operating  temperature  ranging 
from  -150'C  to  +150‘C  were  performed  in  a 
temperature  chamber  specifically  modified  for  this 
test  program.  Mechanical  test  fixtures  for  cyclic 
flexing,  cold  bend  and  impact  testing  were  built  into 
the  test  chamber,  and  designed  to  be  operable  and 
controllable  throughout  the  temperature  range. 

Optical  Attenuation 

The  optical  attenuation  in  the  remaining  three 
buffered  fiber  cables  was  measured  by  the  cutback 
metfiod  per  EIA-455-78A.  Measurements  were 
made  at  1300  nm  and  1550  nm  with  the  results 
indicated  in  Table  2.  All  three  cables  exhibited 
higher  attenuation  than  specified  as  a  result  of  the 
cabling  and  spooling  process. 
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Table  2.  Optical  Attenuation  of  Manufactured 
Cables 


1  Optical  Attenuation 

Fiber  Type  || 

1300  nm 

1550  nm 

(see  Fig  1) 

B1 

4.8  dB/km 

1.1  dB/km 

depressed 

cladding 

B2 

3.2 

18.3 

depressed 
cladding  I 

Cl 

7.1 

57.0 

matched  | 
cladding  || 

Temperature  Cycling 

The  three  cables  were  placed  in  the  temperature 
chamber  with  one  laser  source  split  between  the 
three  cables  and  a  reference  optical  power  meter. 
During  temperature  cycling,  the  relative  optical 
attenuation  of  the  three  cables,  specified  to  be  lower 
than  5  dB/km,  was  measured  per  EIA'455-20.  Five 
cycles  to  the  temperatures  indicated  in  Table  3  were 
repeated. 


Table  3.  Temperature  Cycle  Profile 


Temperature 

Dweil  Time 

-150'C 

8  hours 

+25*C 

16  hours 

+150'C 

30  hours 

Data  acquisition  for  the  optical  measurements  and 
temperature  control  for  the  chamber  was  automatic 
with  optical  attenuation  sampled  every  5  minutes 
over  the  duration  of  the  test  Both  the  B2  and  Cl 
cables  failed  on  the  first  cycle  as  the  temperature 
was  rising  from  ■t-2S'C  to  ^i-iecrc.  Cable  B1  was 
sul^ected  to  5  complete  cycles  while  remaining 
within  specification.  Cycle  1  is  shown  in  Figure  3. 

The  failure  mode  analysis  of  cables  B2  and  Cl 
revealed  a  high  frequency  of  buckling  in  the  aramid 
fiber,  caused  by  unmatched  thermal  expansion 
between  the  aramid  fiber  and  the  polyester  braided 
jacket.  The  buckling  resulted  in  a  periodic  wave  in 


the  fiber  buffer  and  fiber.  In  at  least  one  section  of 
cable  C1 ,  the  buckling  was  enough  to  cause  a  break 
in  the  fiber.  Some  localized  buckling  of  cable  B1 
was  observed  periodically  throughout  the  cable,  but 
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Figure  3.  Temperature  Cycling  Cable  B1 


the  effect  on  the  buffer  and  fiber  was  not  as  severe. 
The  success  of  cable  B1  is  attributed  to  the  matenal 
property  of  the  glass  fiber  braid,  which  forms  a  more 
compliant  jacket  allowing  the  aramid  fiber  strength 
member  to  expand  and  contract  without  as  much 
buckling.  Additionally  since  there  was  less  aramid 
fiber  in  cable  B1 ,  the  buckling  that  did  occur  did  not 
exert  as  much  force  on  the  buffer.  The  net  effect  on 
cable  B1  resulted  In  an  end  of  test,  room 
temperature  optical  attenuation  of  6.25  dB/km  and 
5.75  dB/km  at  1300  and  1550  nm  respectively. 
Tests  were  continued  on  the  B1  cable  only. 

Thermal  Shock 


The  B1  cable  was  exposed  to  thermal  shock  per 
DOD-STD-1678,  Method  4020.  The  cable  was 
placed  for  4  hours  in  a  -150*C  chamber  and  then 
immediately  transported  to  a  chamber  at  +150‘C. 
After  4  hours,  the  cable  was  transported  back  to  the 
-150'C  chamber,  followed  by  a  final  shock  back  to 
the  -t-150‘C  chamber.  Optical  attenuation  was 
automatically  and  continually  measured,  with  an 
increased  data  sampling  rate  during  the  shock 
periods.  The  results  indicated  that  the  relative 
optical  attenuation  did  not  increase  by  more  than  the 
specified  5  dB/km  over  the  duration  of  the  test.  Post 
test  measurements  on  the  cable  optical  attenuation 
measured  3.75  dB/km  and  4.58  dB/km  at  1300  nm 
and  1550  nm  respectively. 

Cvdic  Flexing 

The  B1  cable  was  tested  in  cyclic  flexing  per  DOD- 
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STO-1678,  Method  2010,  with  relative  optical 
attenuation  measured  continuously.  The  test 
consisted  of  a  180  degree  arc  bend  over  a  mandrel 
2.5  times  the  diameter  of  the  cable  with  the  cable 
under  5  kg  tension.  Consecutive  trials  on  three 
sections  of  cable,  for  500  cycles  at  +25*C  and  500 
cycles  at  +150‘C,  resulted  in  relative  optical 
attenuation  'ower  than  the  0.5  dB  limit.  The 
attenuation  during  a  -f  1 50‘C  cycle  is  shown  in  Figure 
4.  Mechanically,  the  cable  was  not  damaged,  so 
long  as  the  vertical  motion  of  the  cable  was 
eliminated  during  flexing.  In  cases  where  there  was 
vertical  motion,  the  braided  jacket  was  worn  away  by 


Figure  4.  Cyclic  Flexing  +150‘’C 
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Figure  5.  Cyclic  Flexing  -150°C 


Cyclic  flexing  at  -150‘C  resulted  in  the  buffer  and 
fiber  breaking  at  461  cycles  as  shown  in  Figure  5. 
Repeated  tests  at  -1 50‘C  on  inactive  cables  revealed 
the  same  failure  mode.  The  mechanism  of  failure 
was  determined  to  be  the  brittle  fracture  of  the 
thermoplastic  buffer,  resulting  in  the  optical  fiber 
break. 

Cold  Bend 


The  B1  cable  was  subjected  to  low  temperature 
flexibility  (cold  bend)  tests  per  DOD-STD-1678 
Method  2020.  The  test  was  configured  to  have  two 
ends  of  the  cable,  each  supporting  a  5  kg  mass, 
simultaneously  wrapped  around  a  mandrel  of  7  times 
the  diameter  of  the  cable,  while  at  -150*C.  Through 
automatic  control  and  data  acquisition,  the  cable  was 
wrapped  around  the  mandrel  5  times  and  then 
unwrapped.  The  first  cable  tested  was  successful, 
resulting  in  relative  optical  attenuation  much  less 
than  the  required  maximum  .5  dB  as  shown  in 
Figure  6.  The  next  two  samples  tested  failed, 
resulting  in  localized  breaks  in  the  optical  fibers  and 
buffers,  but  no  damage  elsewhere  in  the  cable  or  in 
the  other  cable  elements.  Inspection  of  the  failed 


Figure  6.  Cold  Bend 


cables  revealed  that  when  areas  of  the  cable  that 
had  buckled  from  temperature  cycling  were  wrapped 
onto  the  mandrel,  the  buffer  had  split,  consequently 
breaking  the  fiber.  With  this  knowledge,  we  were 
able  to  successfully  predict  the  location  where  a 
fourth  cable  ultimately  failed,  as  the  fiber  broke  at 
the  point  when  the  buckled  section  was  bent  over 
the  mandrel.  A  cable  that  has  not  been  temperature 
cycled  will  not  have  buckled  areas,  and  should  be 
expected  to  consistently  pass  the  cold  bend  test. 


the  rubbing  on  the  mandrel.  Even  though  the  jacket  Impact  Test 
was  completely  broken  at  times,  the  optical 

performance  remained  within  specification.  The  B1  cable  was  subjected  to  impact  testing  per 

DOD-STD-1678  Method  2030..  A  mass  of  0.5  kg 
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was  set  up  to  repeatedly  free  drop  a  distance  of  1 50 
mm,  impacting  the  cable  with  a  striking  surface  of 
radius  12.5  mm.  Data  acquisition  and  control  of  the 
impact  mass  were  automatic.  Results  of  the  test 
consistently  showed  no  relative  optical  attenuation 
until  failure.  The  survival  duration  for  each  test 
sample  is  shown  in  Table  4.  In  all  cases,  the 


Table  4.  Impact  Test  Results 


Temp 

Impacts  to  Failure  | 

Trial  1 

Trial  2 

Trial  3 

Trial  4 

-150‘C 

30 

28 

50* 

28 

+25'C 

50* 

2 

2 

■ 

+150'C 

2 

2 

- 

braided  jacket  was  completely  damaged  after  five 
impacts.  The  Aramid  strength  member,  on  the  other 
hand,  had  only  minimal  damage  after  50  impacts. 
In  the  two  cases  where  the  B1  cable  lasted  for  the 
full  duration  of  50  impacts,  the  relative  optical 
attenuation  was  negligible.. 

Flammability 

The  cable  was  subjected  to  a  flammability  test  per 
OOO-STO-1678.  A  sample  of  cable  was  fixed  at  a 
60  degree  angle  and  exposed  to  a  propane  torch 
flame  of  temperature  1  tOO'C  at  the  hottest  location. 
A  tissue  paper  was  located  under  the  section  of 
cable  exposed  to  the  flame.  There  was  no  flame 
travel  up  the  cable  during  exposure  or  continued 
burning  of  the  cable  after  removal  of  the  flame.  No 
burning  particles  or  drippings  were  found.  Repeated 
tests  showed  the  same  results,  indicating  the  cable 
to  be  nonflammable. 

Tensile  Strength 

The  tensile  strength  of  the  cable  was  measured  on 
three  samples  with  the  ends  terminated  by  capstans. 
The  optical  continuity  of  the  cable  was  monitored  to 
determine  the  load  where  the  fiber  breaks.  Results 
of  the  tests  are  shown  in  Table  5. 

The  optical  fiber  showed  little  or  no  relative  optical 
attenuation  until  within  22  N  (5  pounds)  of  the  fiber 
break  load.  These  results  demonstrate  the  cables 
ability  to  meet  the  minimum  break  strength  and 
operating  load. 


Table  5.  Tensile  Strength  Results 


Minimum 

Break 

Strength 

%  elongation 
at  break 

Minimum  | 

load  at  1 

optical  fiber  1 

break  Q 

1  1090  N  (245 

1  lbs) 

6.0 

467  N  (105  1 

lbs)  II 

Radiation 


Three  lengths  of  the  B1  cables  were  subjected  to 
Cobalt  60  radiation  at  -150‘C.  Each  cable  received 
a  total  radiation  dosage  of  8  x  10^  rad  over  a  24 
hour  period.  After  receiving  the  dosage  of  radiation, 
the  three  cables  were  tested  to  determine  the  tensile 
strength  as  before.  The  minimum  break  strength 
was  1129  N  (254  pounds),  indicating  that  there  was 
no  mechanical  degradation  of  the  cable. 

UV  Radiation 


Ultraviolet  radiation  exposure  tests  were  not 
performed  on  the  cable.  The  glass  fiber  material 
comprising  the  braided  jacket  is  unaffected  by 
ultraviolet  radiation  and  should  thus  provide 
ultraviolet  protection  to  the  underlying  cable 
elements.  It  Is  expected  that  the  cable  will  retain 
greater  than  70%  of  its  tensile  strength  after  an 
ultraviolet  radiation  exposure  equivalent  to  12  years 
in  space. 


CONCLUSION 


The  test  results  on  the  fiber  optic  cable  are 
encouraging.  The  performance  characteristics  of  the 
cable  as  determined  through  testing  are  summarized 
in  Table  6.  Of  great  significance  is  the  ability  of  the 
cable  to  repeatedly  operate  at  the  temperature 
extremes. 

Through  material  selection  and  design 
experimentation,  this  program  has  developed  a  cable 
that  has  met  many  requirements  other  cables  were 
not  able  to  meet.  Further  research  of  materials  and 
improvements  in  the  manufacturing  process  should 
lead  to  a  cable  that  will  consistently  meet  all  of  the 
requirements.  The  results  of  this  program  indicate 
that  the  tested  cable,  along  with  the  radiation 
hardened  optical  fiber  developed  in  the  fiber  phase 
of  this  program,  will  provide  a  single  mode  fiber  optic 
cable  usable  in  space  applications. 
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Table  6.  Cable  Performance 


TEST  DESCRIPTION 

REQUIREMENT  j 

OPTICAL  ATTENUATION 
per  FOTP-78 

<  4.8  dB/km  at  1310  nm 

<  1.2  dB/km  at  1550  nm 

THERMAL  CYCLING 

5  cycles  -150'C  to  +150*C 

<  5  dB/km  rel.  optical  attenuation 

THERMAL  SHOCK 
-150‘CTO+150‘C 

1 

<  5  dB/km  rel.  optical  attenuation 

CYCLIC  FLEXING 
per  DOO-1678,  Method  2010 

Temp  +  25‘C,  500  cycles 

Temp  +150‘C,  500  cycles 

Temp  -150‘C,  500  cycles 

<  0.5  dB  rel.  optical  attenuation 

500  cycles  (no  failure) 

500  cycles  (no  failure) 

461  cycles  (no  failure) 

COLD  BEND 

per  DOD-1678,  Method  2030 

5  wraps  around  mandrel  at  -150‘C 

<  0.5  dB  rel.  optical  attenuation. 

1  of  4  samples  passed 

IMPACT 

per  DOD-1678.  Method  2030 

Temp  -150‘C,  50  impacts 

Temp  •f25‘C,  50  impacts 

Temp  +150*C,  50  impacts 

<0.5  dB  ret.  optical  attenuation 

28  impacts  to  failure 

2  impacts  to  failure 

2  impacts  to  failure 

FLAMMABILITY 
per  DOD-1678,  Method  5010 

Not  flammable 

TENSILE  STRENGTH 

>  1090  N  (225  lbs)  breaking  strength 

RADIATION 

1X10'  rad  gamma  radiation 

No  change  in  tensile  strength  after  exposure 

ULTRAVIOLET  RESISTANCE 
exposure  equivalent  to  12  years  in 
space 

estimated  >  70%  of  tensile  strength  after 
exposure 

CABLE  DIAMETER 

1.8  mm  (0.070  in) 

CABLE  WEIGHT 

3.8  kg/km 
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Dahlgren  Division 
Naval  Surface  Warfare  Center 
Dahlgren,  Virginia 


Abstract 

As  fiber  optic  systems  are  implemented  on  Navy 
ships,  emphasis  is  being  given  to  fiber  optic  cable  sys¬ 
tems  for  the  ships.  Different  systems  share  fibers  within 
the  same  cable  to  achieve  efficiency.  Redundant  trunk 
cables  are  provided  to  increase  survivability.  The  com¬ 
ponents  are  standardized  to  reduce  logistic  burdens. 
Design  standards  are  being  developed  and  prototype 
cable  systems  are  being  installed. 


Introduction 

Fiber  optic  technology  is  beginning  to  be  incorpo¬ 
rated  into  Navy  ships.  The  technology  has  been  proven 
and  is  being  engineered  into  shipboard  systems.  A  sys¬ 
tem  engineered  cable  system  is  critical  to  successful 
implementation  of  these  systems. 

Systems  on  Navy  ships  have  requirements  for  wide¬ 
ly  varying  signal  types  including  voice,  video,  and  data. 
Each  of  these  can  be  either  analog  or  digital.  These  sig¬ 
nals  can  all  be  handled  by  the  same  type  of  optical  fiber. 
This  characteristic  significantly  reduces  the  numbers 
and  types  of  different  components  needed  for  logistics 
support  of  installed  systems. 

Fiber  optics  offers  many  benefits  for  naval  surface 
combatants.  The  use  of  fiber  optics  allows  higher  data 
transmission  rates,  reduces  electromagnetic  interfer¬ 
ence  (EMI),  reduces  cable  weight  and  space  require¬ 
ments  and  allows  systems  designers  greater  flexibility 
in  the  design  of  systems. 

The  benefits  in  using  fiber  optics  in  Navy  ships  were 
discussed  in  detail  in  reference  1.  In  that  paper,  three 
essential  items  were  identified  as  being  critical  to  a 
beneficial  implementation  of  fiber  optics  in  surface 
combatants.  These  are  a  system  engineered  cable  sys¬ 
tem  that  meets  the  needs  of  the  shipboard  systems, 
components  that  meet  system  requirements,  and  design 
guidelines  to  assure  that  system  requirements  are  met. 
The  concepts  for  an  effective  fiber  optic  cable  plant  are 
discussed  below. 


Cable  Plant  Description 

The  fiber  optic  cable  system  or  cable  plant  consists 
of  all  of  the  trunk  fiber  optic  cables  and  fiber  optic 
interconnection  equipment  within  the  ship  including 
connectors,  splices  and  interconnection  boxes.  The 
fiber  optic  cable  plant  is  a  totally  passive  system  only 
serving  to  transport  optical  signals  between  equipments 
(e.g.  computers,  displays,  network  nodes,  etc.).  To 
obtain  the  greatest  ship-wide  benefits  from  fiber  optic 
upgrades,  a  ship-wide  design  approach  must  be  used. 
Maximum  benefits  can  be  obtained  by  designing  the 
fiber  optic  cable  plant  using  a  critical  compartment 
interconnection  box  approach. 

The  cable  plant  primarily  consists  of  trunk  cable 
runs  and  interconnection  boxes.  Trunk  cables  optically 
interconnect  critical  compartment  interconnection  box¬ 
es  and  are  typically  run  through  the  main  cableways. 
Local  equipment  cables  are  used  to  optically  connect 
the  equipment  to  the  cable  plant  at  the  compartment 
interconnection  box  and  typically  are  not  run  through 
the  main  cableways.  Trunk  cables  generally  have  high¬ 
er  fiber  counts  per  cable  than  that  found  in  local  cables. 

In  past  installations,  eight-fiber  cables  have  been 
used  for  trunk  cables  and  two  or  four-fiber  cables  have 
been  used  for  local  cables.  Higher  fiber  count  cables 
are  desirable  and  may  be  used  in  the  future  for  the  trunk 
cable  application.  The  data  path  is  established 
between  equipments  by  connecting  fibers  in  the  local 
cables  to  common  fibers  in  a  trunk  cable  via  single¬ 
fiber  connectors  or  splices  within  a  interconnection 
box.  A  typical  link  is  shown  in  Figure  1. 


Trunk  Cable 


Figure  1 .  Typical  Fiber  Optic  Link 
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Cable  Plant  Concepts 


Cable  Plant  Design  Issues 


The  interconnection  box  approach  to  fiber  optic 
connections  takes  advantage  of  the  fact  that  many  types 
of  signals  can  be  carried  on  one  type  of  fiber.  This  char¬ 
acteristic  means  that  only  a  few  types  of  components 
are  required  for  all  shipboard  applications,  which 
reduces  logistic  requirements.  Since  fibers  are  natural¬ 
ly  immune  to  electromagnetic  interference  (EMI),  elec¬ 
tromagnetic  pulse  (EMP),  and  other  electromagnetic 
perturbations,  multiple  fibers  may  be  run  in  the  same 
cable,  any  of  which  will  meet  the  requirements  of  an 
equipment  interconnection.  Thus  multiple  signals  from 
one  system  or  multiple  systems  can  be  run  in  the  same 
cable,  which  further  reduces  cable  space  and  weight 
requirements.  These  characteristic,  together  with  the 
fact  that  long  runs  are  possible,  also  reduce  routing 
restrictions. 

Since  the  transfer  from  electrical  cables  to  fiber 
optic  cables  will  save  space  and  weight  within  the 
ship’s  cableways,  spare  fibers  and  extra  trunk  cables 
can  be  pulled  at  the  time  of  ship  construction  to  serve 
as  survivable  spares  for  all  critical  fiber  optic  cables.  In 
the  event  of  fire  or  battle  damage,  fiber  optic  systems 
can  be  manually  reconfigured  by  the  ship’s  crew  from 
the  damaged  cables  to  ftinctional  redundant  cables  at 
each  interconnection  box  location  (see  Figure  2). 


Figure  2.  Typical  Fiber  Optic  Interconnection  Box 
Configuration 

Similarly,  extra  cables  can  also  be  pulled  with  the 
specific  purpose  of  supporting  future  upgrades,  since 
the  installed  fibers  will  meet  the  requirements  of  most 
future  systems.  This  pre-installation  of  cable  for  future 
upgrades  will  allow  quicker  and  much  less  costly  addi¬ 
tions  to  the  ship’s  capabilities  at  later  dates.  Also,  sys¬ 
tems  can  be  change  or  are  replaced  and  still  use  the 
same  fiber  optic  cables  for  their  intended  lifetime. 


There  are  presently  three  issues  in  designing  a  cable 
plant  such  that  it  will  have  an  overall  beneficial  effect 
on  the  total  ship  as  a  system  and  not  have  a  negative 
effect  on  a  given  system  served  by  the  cable  plant. 
These  are  ( 1 )  the  impact  of  additional  connections  on 
the  power  budget  of  a  given  system,  (2)  the  impact 
upon  the  survivability  of  a  given  system  by  maximizing 
the  collective  survivability  of  all  the  systems,  and  (3) 
the  impact  of  additional  connections  on  the  reliability 
of  a  given  system. 

Power  Budgets 

Special  provisions  must  be  made  for  systems  with 
critical  power  budgets  to  minimize  the  adverse  effect 
that  additional  connections  would  have.  For  example, 
local  area  network  implementations  that  use  ring  archi¬ 
tectures  and  bypass  switches  have  critical  power  bud¬ 
gets  and  have  difficulties  allowing  for  additional  con¬ 
nections.  By  designing  the  cable  plant  around  these 
systems  and  putting  the  bypass  switches  in  the  inter¬ 
connection  box,  the  cable  plant  can  be  implemented 
without  adding  additional  connectors  to  these  systems. 

Survivability 

Since  one  of  the  reasons  for  implementing  the  cable 
plant  is  to  increase  survivability  by  providing  reconfig¬ 
uration,  one  must  be  careful  not  to  configure  the  cable 
plant  so  it  adversely  affects  the  survivability  of  a  given 
system.  For  example,  the  location  of  the  bypass  switch¬ 
es  in  a  local  area  network  is  critical  to  the  survivability 
of  the  network.  While  striving  to  achieve  efficiency  in 
the  cable  plant  by  putting  bypass  switches  in  intercon¬ 
nection  boxes  along  with  connections  for  other  sys¬ 
tems,  one  must  be  careful  not  to  locate  the  bypass 
switches  in  improper  locations. 

Reliability 

At  first,  one  might  be  concerned  about  the  impact  of 
additional  connections  on  the  reliability  of  a  given  sys¬ 
tem.  This  issue  is  not  really  significant,  however  since 
the  connectors  are  very  reliable  and  the  availability  is 
increased  by  providing  the  redundant  cable  path. 


Cable  Plant  Design  Standards 

The  Naval  Sea  Systems  Command  is  undertaking  a 
project  called  Fiber  Optic  Topology,  the  objective  of 
which  is  to  produce  documentation  and  qualify 
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components  to  design,  install,  maintain  and  manage  a 
fiber  optic  topology  (or  cable  plant).  Much  of  this 
information  is  equally  applicable  to  fiber  optic  cable 
dedicated  completely  to  one  system.  The  products  of 
this  project  are: 

Topology  Design  Standard 
System  Design  Standard 
Installation  Standard 
General  Ship  Specification  Update 
Navy  Training  Plan  &  Curriculum 
Naval  Ship  Technical  Manual 
Reliability  and  Lifetime  Predictions 
Qualified  Products 

Topology  Design  Standard 

A  Topology  design  standard  has  been  written  to 
define  the  implementation  of  the  cable  plant.  The  stan¬ 
dard  defines  the  design  requirements,  the  design  pro¬ 
cess  and  methodology. 

Design  Process 

The  design  process  is  divide  into  a  three  phase 
approach  which  corresponds  to  a  typical  ship  design 
process.  The  process  starts  with  a  review  of  the  ship 
specification,  configuration,  and  fiber  optic  systems 
planned  for  that  ship.  This  information  together  with 
the  design  requirements  is  used  to  produce  the  cable 
plant  design. 

Design  Methodology  and  Requirements 

The  three  phase  of  the  topology  design  process  are 
the  conceptual,  preliminary  and  detailed  design. 

Conceptual  Design:  The  inputs  to  the  conceptual 
design  are  the: 

Ship  Specification 

Ship  Configuration 

System  Specifications 

Conceptual  Design  Requirements 

The  vital  spaces  from  the  ship  specification  and  the 
location  of  equipments  are  used  to  determine  service 
areas.  Each  service  area  is  served  by  one  interconnec¬ 
tion  box.  These  services  areas  are  then  documented  on 
block  diagrams  showing  general  intercoimection  box 
locations  and  trunks  between  service  areas. 

A  trunk  cable  is  provided  between  each  intercon¬ 
nection  box  and  an  interconnection  box  in  damage 


control  to  provide  dedicated  fibers  for  damage  control 
assessment.  Fibers  for  a  maintenance  phone  system 
may  also  be  provided. 

Preliminary  Design:  The  inputs  to  the  preliminary 
design  are  the: 

Conceptual  Design  Block  Diagrams 

Detailed  System  Requirements 

Preliminary  Design  Requirements 

Ship  Configuration 

The  number  and  type  of  fibers,  termination  type  and 
link  performance  are  used  to  determine  the  size,  type 
and  location  of  interconnection  boxes.  Trunk  cable 
capacities  are  also  identified  at  this  point.  The  prelimi¬ 
nary  design  is  then  documented  on  block  diagrams.  A 
cable  plant  specification  which  identifies  all  the  general 
performance  and  environmental  specifications  is 
imposed  on  the  cable  plant  and  its  components. 

A  link  loss  budget  and  a  link  rise  time  budget  are 
developed  for  each  link  in  the  cable  plant  to  ensure  that 
system  performance  requirements  are  met  for  each 
user.  If  performance  requirements  are  not  met,  the  con¬ 
figuration  is  changed. 

Requirements  for  redundant  trunk  and  local  cables 
are  also  determined  at  this  time.  Also,  fibers  are  identi¬ 
fied  as  to  function  including  those  allocated  for  sys¬ 
tems,  spares  and  growth. 

The  prelimin^  design  block  diagrams  and  the 
specification  define  the  cable  plant  and  serve  as  input 
to  the  detailed  design  of  the  ship  and  the  cable  plant. 


Detailed  Design:  The  output  of  the  preliminary 
design  is  used  to  lay  out  the  detailed  design  on  the 
detailed  ship  construction  drawings.  Items  produced 
are 

Block  Diagram 
Fiber  Run  Lists 
Cable  Fhill  Charts 

Interconnection  Box  Configuration  Drawings 
Detailed  Parts  List 

Requirements  for  local  and  trunk  cable  routing  are 
included  to  maximize  survivability.  Requirements  for 
interconnection  box  configuration  exist  to  ensure  stan¬ 
dard  arrangement  for  ease  of  access  and  reconfigura¬ 
tion.  Requirements  for  components  are  given  to  ensure 
standardization. 
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This  standard  is  presently  in  the  Navy  review  pro¬ 
cess;  current  shipboard  cable  plant  design  efforts  are 
using  this  standard  as  a  model. 

Key  Cable  Plant  Components 

The  paragraphs  below  describe  the  components  and 
point  out  the  first  set  of  components  that  are  being  qual¬ 
ified. 


Optical  Fiber 

There  currently  are  two  standard  fibers  recommend¬ 
ed  for  use  in  Navy  systems  (per  MIL-F-49291).  The 
first  of  these  is  the  62.5  micron  core/  125  micron  clad¬ 
ding  graded  index  multimode  fiber.  For  shipboard 
interconnection  lengths  this  fiber  is  capable  of  handling 
data  rates  up  to  approximately  1  GHz  depending  upon 
the  optical  source  characteristics  and  the  exact  link 
length.  For  those  applications  where  the  data  capacity 
of  the  multimode  fiber  is  inadequate  the  other  recom¬ 
mended  fiber  is  the  singlemode  fiber. 

It  should  be  noted  that  each  of  the  recommended 
fibers  have  the  same  outside  diameter  so  the  same  con¬ 
nector  can  be  used  for  each  application. 


Fiber  Optic  Cable 

The  general  requirements  that  a  Navy  fiber  optic 
cable  must  meet  are  given  in  MIL-C-85045.  Cable 
specified  to  this  point  is  of  the  Optical  Fiber  Cable 
Component  design.  This  is  a  type  of  cable  consisting  of 
individual  single-fiber  cables  called  Optical  Fiber 
Cable  Components  (OFCCs)  laid  with  strength  mem¬ 
bers  around  a  central  member  and  overjacketed  for 
environmental  and  mechanical  protection.  The  OFCC 
consists  of  a  buffered  fiber  (900  microns  total  diame¬ 
ter)  surrounded  by  strength  members  and  a  protective 
jacket  with  an  outer  diameter  of  approximately  2  milli¬ 
meters. 

For  future  use  in  high  density  applications,  stranded 
cable  may  be  used.  This  is  a  type  of  cable  in  which  the 
buffered  fibers  (900  microns  total  diameter)  are  strand¬ 
ed  down  the  center  of  the  cable  surrounded  by  strength 
members  and  a  protective  jacket. 

These  cable  designs  must  meet  minimum  levels  of 
performance  in  safety  (low  smoke  generation,  low 
toxicity,  low  halogen  content,  flame  resistant,  etc.), 
durability  (able  to  withstand  shock,  vibration. 


mechanical  abuse,  fluids,  etc.),  ease  of  installation  and 
repair,  and  optical  performance. 

Interconnection  Equipment 

Interconnection  equipment  consists  of  single-  fiber 
light  duty  connectors  or  splices,  multifiber  heavy  duty 
connectors,  and  interconnection  boxes.  Each  of  these 
components  are  described  in  more  detail  in  MIL-C- 
83522,  MIL-S-24623,  MIL-C-28876,  and  MlL-1- 
24728.  The  design  of  each  of  these  components  was 
chosen  in  order  to  optimize  their  performance  for  the 
application  in  which  they  are  used  as  well  as  to  mini¬ 
mize  problems  due  to  human  factors. 

Single  Fiber  Light  Duty  Connectors:  The  single 
fiber  connectors  (per  MIL-C-83522/16)  are  intended 
only  for  use  inside  of  interconnection  boxes  or  equip¬ 
ments.  Ceramic  ferrules  are  preferred  because  of  their 
tighter  tolerances  and  improved  environmental  perfor¬ 
mance. 

Single  Fiber  Light  Duty  Splices:  The  single  fiber 
splices  (per  MIL-S-24623)  are  also  intended  only  for 
use  inside  of  interconnection  boxes  or  equipments. 
Their  primary  purpose  is  to  provide  a  higher  grade  opti¬ 
cal  performance  in  those  cases  when  the  single  fiber 
connectors  are  not  adequate.  In  general,  they  are  used 
when  connectors  would  introduce  too  much  loss  into 
the  system,  but  may  also  be  used  when  low  reflection 
interfaces  are  needed  such  as  for  high  speed  single 
mode  communications  systems.  The  splice  is  intended 
to  be  a  permanent  connection,  but  may  be  demated  and 
remated  to  another  splice  with  only  a  slight  degradation 
in  performance  if  emergency  reconfiguration  is  neces¬ 
sary. 

Multifiber  Heavy  Duty  Connectors:  The  multifi¬ 
ber  heavy  duty  coimectors  (per  MIL-C-28876)  are 
required  to  withstand  the  severe  naval  environment 
while  showing  only  a  limited  performance  degradation. 
They  are  intended  to  be  used  to  connect  equipment  in 
any  application  where  the  fiber  optic  cormector  is 
exposed  and  not  housed  within  the  interconnection 
box.  These  connectors  are  expected  to  withstand  the 
full  rigors  of  the  Navy  shipboard  environment  includ¬ 
ing  shock,  vibration,  temperature  extremes,  fluids 
including  salt  water,  and  humidity. 

Interconnection  Boxes:  The  interconnection  boxes 
used  (per  MIL-I-24728)  are  also  intended  to  withstand 
the  full  rigors  of  the  Navy  shipboard  environment  and, 
to  the  maximum  extent  possible,  to  protect  and  isolate 
the  connectors  and  splices  from  that  environment.  The 
boxes  are  modular  in  nature  with  current  versions 


670  International  Wire  &  Cabie  Symposium  Proceedings  1992 


containing  one,  two,  or  three  modules.  Each  module 
may  contain  up  to  48  connectors  or  72  splices.  Connec¬ 
tor  and  splice  modules  may  be  mixed  in  the  same  box. 
The  connectors  are  mounted  on  a  flat  plate  which  slides 
out  of  the  box  when  it  is  open  to  allow  for  easy  access 
and  to  minimize  the  chance  of  secondary  damage  when 
performing  repairs  within  the  box.  The  splices  are 
mounted  in  removable  drawers  which  organize  the 
splices  as  well  as  provide  limited  mechanical  protec¬ 
tion.  The  front  cover  of  the  box  is  hinged  in  a  fashion 
so  that  it  may  either  be  completely  removed  from  the 
box  or  be  held  out  from  the  box  to  function  as  a  work 
table.  Both  the  connector  panel  and  the  splice  drawers 
are  securely  locked  into  place  when  the  cover  is  closed 
and  secured.  The  design  of  the  box  structure  itself  is 
based  on  the  design  of  existing  lightweight  electrical 
intercormection  boxes. 


Cable  Plant  Installations 

Some  prototype  installations  have  been  accom¬ 
plished  and  larger  scale  installations  are  planned. 


AEGIS  Cruiser  Installations 

Cable  plants  were  installed  on  two  AEGIS  Ticond- 
eroga  class  guided  missile  cruisers,  USS  Valley  Forge 
(CG  50)  and  USS  Mobile  Bay  (CG  53).  The  installation 
of  5800  feet  of  fiber  optic  cable  and  16  interconnection 
boxes  on  the  USS  Valley  Forge  in  1985  showed  the 
feasibility  of  the  concept.  The  installation  also  showed 
that  fiber  optic  cable  and  connectors  could  be  installed 
in  a  shipyard  environment. 

The  installation  of  3000  feet  of  cable  and  8  intercon¬ 
nection  boxes  on  the  USS  Mobile  Bay  in  1987  has  sup¬ 
ported  evaluations  during  shock  trials  (reference  2)  and 
long  term  evaluation  (reference  3).  The  evaluation  dur¬ 
ing  shock  trials  showed  that  fiber  optic  systems  could 
operate  in  a  combat  environment.  The  long  term  evalu¬ 
ation  has  shown  that  there  are  no  long  term  effects  on 
fiber  optic  cable  and  connectors  in  a  shipboard  environ¬ 
ment. 


Land-Based  Evaluation  Facilities 

One  land-based  cable  and  interconnection  box 
installation  has  been  accomplished  at  the  Naval  Surface 
Warfare  Center’s  Interim  Combat  System  Engineering 
Facility  at  Wallops  Island,  Virginia.  This  installation  in 
1991  supported  the  Integrated  Interior  Communica¬ 
tions  and  Control  proof  of  concept  demonstration 


(reference  4).  (The  Integrated  Interior  Communications 
and  Control  program  is  an  initiative  to  coordinate  the 
development  of  architectures  based  on  fiber  optic  net¬ 
works  for  shipboard  interior  communications.) 

A  larger  scale  installation  has  been  designed  per  the 
Topology  Design  Standard  and  is  currently  being 
installed.  This  installation  will  support  the  evaluation 
of  shipboard  cable  plant  designs,  installation  and  repair 
procedures  as  well  as  the  1993  Integrated  Interior  Com¬ 
munications  and  Control  system  evaluation.  This 
installation  will  include  7400  feet  of  multimode  cable, 
1500  of  single  mode  cable  and  nine  interconnection 
boxes. 


USS  George  Washington  tCVN  731 

A  fiber  optic  cable  plant  was  installed  on  this  air¬ 
craft  carrier  in  1991-1992  to  support  a  fiber  optic  net¬ 
work  comprised  of  an  FDDI  backbone  with  etheinet 
subnets.  The  installation  included  45,000  feet  of  multi- 
mode  cable  and  202  interconnection  boxes,  of  which 
187  were  special  small-size  boxes  with  a  capacity  of 
eight  connectors.  Similar  systems  may  be  installed  on 
carriers  in  the  future. 


Future  AEGIS  Destroyers 

A  fiber  optic  cable  plant  is  being  designed  for  future 
AEGIS  Arleigh  Burke  class  guided  missile  destroyers. 
The  cable  plant  will  support  ten  fiber  optic  systems. 
The  systems  range  from  single  point  to  point  links  to 
FDDI  Local  Area  Networks.  The  information  on  the 
different  links  is  either  video,  voice  or  data.  These  sys¬ 
tems  are  candidates  for  destroyers  beginning  construc¬ 
tion  in  1994. 
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Abstract 


Submarine  optical  fiber  cables  experience  significant  hydrogen-caused 
darkening,  but  there  is  no  report  of  this  problem  in  buried  plant.  The 
purpose  of  this  work  was  to  determine  whether  buried  optical  cables  can 
darken  excessively  under  adverse  conditions  because  of  hydrogen. 

Experiments  were  conducted  in  wet  sand  environments,  simulating  that  of 
direct  buried  plant.  The  hydrogen  was  generated  by:  (1)  hydrogen- 
producing  bacteria,  and  (2)  the  corrosion  of  the  corrugated  steel  shield  at 
outer  jacket  defect  sites.  The  results  show  that  the  bacterial  hydrogen 
production  was  limited  both  in  magnitude  and  in  time  of  duration.  The 
corrosion-generated  hydrogen  was  still  negligible  after  307  days. 
Furthermore,  optical  fiber  cables  in  the  buried  plant  are  unlikely  to  develop 
hydrogen-caused  signal  attenuation  problems  because:  (1)  oxidizing  and 
well-aerated  soils  do  not  support  the  growth  of  hydrogen-producing 
bacteria,  (2)  the  cables  are  buried  at  a  0.76  -  1.1  meter  (2.5  ■  3.5  feet) 
depth,  and  the  worse  case  hydrogen  partial  pressure  is  limited  to  1  atm  as 
opposed  to  >8  atm  at  deep  water  crossings. 


INTRODUCTION 

It  has  been  established  by  both  laboratory  and  field  investigations  that 
hydrogen  diffusion  into  optical  fiber  cables  can  cause  signal 
attenuation.^'"'^'  The  source  of  hydrogen  may  be  inside  the  cable:  (1) 
break-down  of  organic  materials  in  the  cable,"  (2)  corrosion  of  metallic 
cable  components,'*’’-'”  and  (3)  microbiological  break-down  of  a  water 
absorbent  polymer."”  The  source  of  hydrogen  may  also  be  the  corrosion 
of  the  submarine  cable’s,  metallic  armor  wires.  or  it  may  be 

microbiological  activity  in  the  environment  near  the  cable,  independent  of 
any  cable  material."'''”  The  field  studies  referenced  above  pertain  only  to 
submarine  optical  fiber  cables. 

Prior  to  the  studies  described  in  this  paper,  we  have  established  that  armor 
wire  corrosion,  stray  dc  current  pick-up  by  the  armor  wires,  and 
fermentation  of  hydrocarbon  by  hydrogen-producing  bacteria  can  generate 
large  quantities  of  hydrogen.'"’'’'  Our  experiments  also  showed  that 
cables  manufactured  with  an  overlapped  corrugated  metal  shield  cannot 
keep  the  hydrogen  out  of  the  core  where  it  can  darken  fibers."” 
Furthermore,  corrosion  tests  on  submarine  cables  with  known  levels  of 
signal  attenuation,  and  analysis  of  mud  samples,  collected  near  the  same 
cables,  indicate  that  our  laboratory  tests  are  based  on  realistic  field 
conditions."*'  Consequently,  a  genetic  requirement  and  a  pass/fail  test  was 
developed  to  prevent  signal  attenuation  in  newly  installed  submarine 
optical  fiber  cables.  The  requirements  and  the  test  are  in  Bellcore 
Document  TA-NWT-0(XX)20,  Issue  8,  December  1991. 

Since  direct  buried  optical  fiber  cables  are  widely  used,  our  attention  is 
now  focused  in  this  direction.  This  paper  is  a  reprm  on  laboratory 
experiments  concerning  the  effects  of  hydrogen-producing  bacteria  and  the 


corrosion  of  corrugated  steel  shield  at  outer  jacket  defect  sites  on  buried 
optical  cable.  As  before,"’'  our  goal  is  to  establish  whether  or  not 
additional  generic  requirements  for  buried  optical  fiber  cables  are  needed 
in  the  appropriate  Bellcore  Technical  Reference(s). 

Experimental  Method 

The  experiments  were  conducted  in  the  same  test  chambers  used  in  our 
previous  studies"”  (Fig.  1).  A  slight  modification  was  made  to  the  PVC 
cover;  the  heating  unit  was  removed,  and  the  large  central  opening  was 
used  to  introduce  sand  into  the  system  (Fig.  2).  The  reason  for  removing 
the  heater  was  twofold.  First,  the  wet  sand  would  have  created  an 
unrealistically  large  temperature  gradient,  and  the  high  temperature  near 
the  heater  might  have  killed  the  hydrogen  producing  bacteria.  Secondly, 
our  previous  work  showed  that  bacteria  (the  reason  for  using  elevated 
temperature)  can  survive  at  room  temperature  without  any  appreciable 
effect  on  hydrogen  production.  This  was  learned  when  the  heater  in  one  of 
the  test  chambers  containing  hydrogen-producing  bacteria  culture  only, 
was  replaced,  exposing  it  to  room  temperature  for  four  days. 


Flgnrc  1.  Dlustration  of  Che  cable  sample  on  PVC  cylinder 
inside  the  glass  test  chamber. 
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LEGEND: 

I  .  V  >  TON  SEAL 

2.  PVC  COVER 

3.  FILL  HOLE  CAP 

4.  VACUUM  STOPCOCK 

5.  COPPER  TUBE 

8.  EPOXY  RESIN 

7.  PRESSURE  GAUGE 

(FOR  INSIDE  THE  CABLE) 

8.  CABLE  AND  FIBERS,  HOLDER 

9.  PRESSURE  GAUGE 
(FOR  HEAD  SPACE) 

10.  GAS  SAMPLING  PORT 

(FOR  INSIDE  THE  CABLE) 

I  I  .  GAS  SAMPLING  PORT 
(FOR  HEAD  SPACE) 


legend  CONTINUED: 

12.  FILL  HOLE  CAP 

13.  CHECK  VALVE 

14.  FILL  HOLE  CAP 
\S.  FVLL  HOLE  CAP 

16.  STAINLESS  STEEL  FEED-THROUGH 
■ITH  2YTEL  FERRULE 

(SHOWN  WITHIN  BRACKETS) 

17.  NEEDLE  VALVE  FOR  GAS  INLET 

18.  ball  VALVE  FOR  LIQUID  INLET 


Figure  2.  A  segment  of  the  PVC  cover  of  the  glass  lest  chamber 
with  the  cable  end  holder,  pressure  gauge,  gas  sampling  port, 
gas  inlet  and  liquid  inlet  valves. 


The  test  environments  are  fine  sand  saturated  with  either  a  3.5  percent  (by 
weight)  NaCI  solution  or  with  hydrogen-producing  bacteria  culturing 
solution.  In  the  former  environment,  cables  with  defective  outer 
polyethylene  jackets  were  exposed,  and  in  the  latter,  the  cable  was 
undamaged.  As  of  6/1 1/92.  the  cables  had  been  exposed  to  these 
environments  for  307  days  (NaCl  solution  saturated  sand)  to  373  days 
(hydrogen-producing  bacteria  containing  sand).  During  this  time,  we 
monitored  the  signal  attenuation  in  the  1. 1  to  1.6  pm  range,  and  measured 
the  partial  pressures  of  hydrogen  both  inside  and  outside  the  cables  (Fig. 
3). 

A.  Materials  and  Sample  Preparation 

The  optical  fiber  cables  used  in  these  experiments  had  a  1.02  cm  (0.4  in.) 
OD,  and  a  corrugated,  overlapped  steel  shield,  coated  with  a  thin  green 
polymer,  that  improves  adhesion  between  the  steel  and  the  polyethylene 
outer  jacket.  It  also  functions  as  a  corrosion  barrier.  The  1 2  fibers  were 
enclosed  in  a  plastic  center  tube. 

Four  SO-meter  sections  were  cut  from  this  cable  and  coiled  in  2  layers  on 
the  outer  surface  of  a  rigid  PVC  cylinder  of  30.5  cm  (12  in.)  length,  23.9 
cm  (9.4  in.)  OO,  and  0.64  cm  (0.25  in.)  wall  thickness  (Fig.  1).  The 
cylinder  had  1.27  cm  (0.5  in.)  OD  holes  2.54  cm  (I  in.)  apart  on  its  entire 
surface.  On  the  outer  jacket  of  three  of  the  cables,  2,  4,  or  8  evenly 
spaced,  1.27  cm  x  1.27  cm  (0.5  in.  x  0.5  in.)  defects  were  introduced. 
These  polyethylene  squares  were  removed  with  a  sharp  blade  and  a  small 
screwtMver.  Consequently,  the  underlying  thin  green  polymer  film  was 
also  scratched  in  small  areas.  The  cable  was  placed  carefully  so  that  half 
the  jacket  defects  were  located  on  the  outer  surface  of  the  outer  layer  of 
cable,  and  the  other  ones  were  facing  holes  in  the  PVC  cylinder.  Thus,  all 
the  jackm  defects  were  directly  exposed  to  the  corrosive  environment.  The 
fourth  cable  which  had  no  sheath  defects,  was  coiled  on  the  PVC  cylinder. 
The  last  2  meters  of  both  ends  of  each  cable  were  brought  inside  the 
cylinder  through  long,  smooth  channels  cut  in  the  bottom  of  the  PVC 
cylinder.  These  channels  allowed  a  gradual  transition  between  the  inside 
and  the  outside  of  the  cylinder  without  causing  a  sharp  bend  in  the  cable. 
The  cable  samples  were  placed  in  30  liter  capacity  glass  test  chambers 


(Fig.  1).  These  test  chambers  had  rigid  PVC  covers  secured  to  their  tops 
(Fig.  2).  Gas  lighmess  of  the  test  chambers  was  ensured  with  VITON 
seals.  The  outer  jacket,  metal  shield,  and  inner  plastic  tube  were  removed 
from  the  cable  ends  approximately  16.5  cm  (6.5  in.)  above  the  PVC  cover, 
leaving  152.4  cm  (5  ft.)  sections  of  exposed  fibers.  The  fibers  were 
cleaned  with  turpentine  and  cuiy'i  alcohol.  The  two  cable  ends  and 
exposed  fibers  were  pulled  through  glass  structures  (Fig.  2)  and  15.2  cm  (6 
in.)  of  the  jacketed  cable  ends  were  sealed  with  epoxy  resin  inside  the 
glass  tube  to  position  the  cable  and  form  a  gas  tight  seal.  The  upper  8.8  cm 
(3.5  in.)  sections  of  the  glass  structures  were  filled  with  epoxy  resin  to 
form  a  gas  tight  seal  around  the  exposed  fibers.  The  spaces  between  the 
two  epoxy  resin  seals  were  equipped  with  vacuum  stopcocks  and  gas 
sampling  ports,  allowing  the  gases  inside  the  cables  to  be  sampled.  The 
fibers  above  the  upper  seals  were  concatenated  with  fusion  splices  to  form 
a  continuous  -600m  light  path  and  placed  into  splice  organizer  trays. 

Other  associated  equipment:  pressure  gages,  valves  for  N-  gas  blanketing, 
liquid  inlets,  pressure  check  valves,  gas  sampling  ports  (for  gases 
generated  outside  of  the  cable),  were  installed  as  shown  in  Fig.  2.'" 
Glass  tubes  were  passed  through  the  PVC  cover  via  stainless  steel  feed¬ 
throughs,  threaded  into  the  PVC  with  ZYTEL  ferrules  around  the  glass 
tubes  (Fig.  2)  to  ensure  gas  tightness.  The  test  chamber  design,  especially 
the  cable  end  and  fiber  holders,  enabled  gas  sampling  and  measurement  of 
the  overall  pressure  in  both  the  head  space  and  in  the  spaces  at  the  two 
cable  ends,  (Fig.  2). 

B.  Test  Environments 

The  experiments  were  conducted  in  two  different  environments:  (a)  fine 
clean  sand  saturated  with  3.5  percent  (by  weight)  NaCl  solution,  and  (b) 
fine  clean  sand  saturated  with  a  culturing  solution  (Table  1)  inoculated  with 
a  hydrogen-producing  bacteria  (Oostridium  acetobutylicum,  ATCC*  824). 
The  NaCl  solution  saturated  sand  was  used  to  establish  whether  corrosion 
of  the  exposed  steel  at  outer  jacket  defect  sites,  can  generate  sufficient 
hydrogen  to  cause  signal  attenuation.  The  sand  saturated  with  hydrogen- 
producing  bacteria  inoculated  culturing  solution  was  used  to  determine  the 
upper  limit  of  bacterial  hydrogen  production  in  wet  soil  and  its  effect  on 
the  direct  buried  optical  fiber  cable. 

TABLE  I 

Culturing  Solution  for  Clostridium  Acetobutylicum 


5  gram 

Bacto-peptone 

5  gram 

Bacto-tryptone 

5  gram 

Yeast  extract 

to  gram 

Glucose 

0.005  gram 

Hemin 

0.2  ml 

0.5%  solution  of  vitamin  K,  in  95%  ethanol 

20  ml 

Salts  solution 

1000  ml 

Deionized  water 

The  solution  pH  was  adjusted  to  7.3  ±  0.2  and  degassed  with  Nj. 

After  transferring  the  culturing  solution  into  the  test  chambers  and  further 
purging  with  N2,  I  millimole  of  NajS  was  added  as  reducing  agent. 

Salts  Solution  contains  per  1000  g.  of  deionized  water 


0.23  gram  Caa2-2H20 
0.48  gram  MgSOi  7H2O 
1.0  gram  K2HPO4 
10.0  gram  NaHCO, 

2.0  gram  NaCl 


*  ATCC  s  Ameiicaii  Type  Culture  Collection 
120?  Pvtiawn  Drive.  Rockville.  MD  200S2 
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After  placing  the  tables  in  their  respective  test  chambers  and 
concatenating  the  fibers,  about  one  third  of  the  sand  was  poured  in  to  the 
test  chamber  through  the  center  fill  hole.  Then,  enough  solution  was 
poured  through  the  liquid  fill  tube  to  thoroughly  wet  the  sand.  This 
procedure  was  repeated  twice.  The  sand  totally  covered  the  cable  samples, 
and  an  additional  two  inch  of  liquid  was  added  on  the  top  of  the  sand  to 
ensure  constant  wetness.  The  hydrogen-producing  bacteria  were 
inoculated  into  the  second  liquid  fill,  and  the  last  part  of  the  sand  was 
poured  in  under  a  N2  gas  blanket  to  ensure  anaerobic  conditions  during  the 
filling  process. 

C.  Measuring  Equipment 

The  signal  attenuation  in  the  fiber  was  monitored  between  1.1  ^m  and 
1 .6|im  with  equipment  similar  to  that  described  in  the  Electronic  Industries 
Association  Standard  EIA-455-78.  The  gas  samples  were  analyzed  for 
hydrogen  content  with  a  Gow-Mac  isothermal  580  type  gas  chromatograph 
with  a  2.5m  long  3mm  diameter  molecular  sieve  5A  column  and  thermal 
conductivity  detector.  Argon  carrier  gas  (99.998%)  was  introduced  at  a 
flow  rate  of  30  cc/min.  The  column  detector  and  injector  temperatures 
were  set  to  50,  135,  and  135°C  respectively,  and  the  detector  current  was 
40mA.  The  detector  signal  was  recorded  and  processed  on  a  Spectra 
Physics  integrator. 

D.  Testing  Procedure 

The  signal  attenuation,  against  two  unexposed  reference  fibers,  was 
measured  for  the  cables  in  all  the  test  chambers  at  54  different  wavelengths 
between  1.1  and  1.6pm.  A  typical  spectral  attenuation  plot  is  illustrated  in 
Figure  3  for  a  fiber  with  and  without  hydrogen.  From  these  data,  the 
Hydrogen  indicator,  H,„j .  defined  by  Anderson  et.  al.”'  as  signal 
attenuation  at  1.24pm  less  that  at  1.3tpm,  was  calculated  and  plotted  as  a 
function  of  time. 


WAVELENGTH  (nm) 

Figure  3.  Typical  spectral  attenuation  of  optical  fiber  with 
(solid  line)  and  without  (dotted  line)  hydrogen. 


Gases  were  sampled  in  each  test  chamber  from  the  test  chamber  head 
space  (outside  the  cable)  and  at  the  two  cable  ends  (inside  the  cable)  using 
a  0.5  ml  gas-tight  syringe  with  a  valve.  The  chromatograph  was 
calibrated,  each  day  that  gas  analyses  were  made,  with  duplicate  samples 
of  0.250  ml  of  99.9%  hydrogen  and  0.500  ml  of  room  air  (about  21% 
oxygen  and  78%  nitrogen).  The  partial  pressure  of  hydrogen  (p(H2)l  data 
were  also  plotted  as  a  function  of  time. 

The  overall  pressure  of  the  gas  in  the  head  spaces  and  at  the  two  cable  ends 
was  also  measured  so  as  to  be  taken  into  account  at  the  calculation  of  the 
P(H2)  values. 

Results 

The  results  prior  to  6/1 1/92,  representing  exposure  times  of  307  days  in  the 
NaCl  containing  sand  and  373  days  in  the  hydrogen-producing  bacteria 


containing  sand,  are  considerably  different  from  those  obtained  in  fully 
liquid  environments."’’ 


A.  The  effect  of  hydrogen-producing  bacteria 

The  data  plotted  in  Figure  4  indicate  that  the  level  of  hydrogen  production 
in  the  liquid  saturated  sand  can  approach  that  in  liquid  alone.  However, 
the  available  fermentable  hydrocarbon  is  more  limited,  and  consequently 
the  hydrogen  production  abates  more  rapidly.  The  H|„j  values  obviously 
follow  the  same  trend.  After  an  initial  period  of  hydrogen  production 
(-800  hours),  the  p(H2)  and  H,^  inside  the  cable  are  reduced  to  negligible 
levels.  After  1800  hours  of  exposure,  an  additional  160  grams  of  dexu^ose. 
dissolved  in  deionized  water,  was  added  to  the  liquid  phase.  The  ensuing 
bacterial  fermentation  quickly  produced  hydrogen  (up  to  p(Hi)  =  0.4  atm.). 
Consequently,  the  hydrogen  rapidly  permeated  the  cable  t.  ing  a  fast  rise 
of  the  H|^  (up  to  2,2  dB/km),  However,  the  high  partial  pressure  of  the 
hydrogen  in  the  cable  was  not  maintained  for  long,  as  indicated  by  the 
diminishing  H,„,|  less  than  500  hours  after  the  additional  dextrose  was 
introduced,  and,  about  1700  hours  after  introducing  the  sugar,  the  H,„j  was 
negligible. 


0  2000  4000  6000  8000 
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Figure  4.  Hydrogen  indicator  (H,^)  and  hydrogen 
partial  pressure  [p(H2)]  curves  vs.  time  for  an  optical 
fiber  cable  (without  cable  sheath  damage)  exposed  to  fine  sand 
saturated  with  hydrogen-producing  bacteria  inoculated  culturing 
solution. 


At  approximately  6000  hours  of  exposure  an  additional  160  grams 
dextrose  was  introduced  into  the  test  chamber.  This  time  a  91.4  cm  (36 
inch)  long,  2.54  cm  ( I  inch)  diameter  glass  tube  was  sealed  on  one  end  and 
was  pushed  into  the  wet  sand  to  approximately  2.5  cm  (I  inch)  from  the 
bottom.  The  dextrose  and  deionized  water  mixture  was  poured  into  this 
glass  tube,  then  using  a  clean  stainless  steel  rod  the  sealed  bottom  of  the 
glass  tube  was  broken  and  the  dextrose  solution  was  emptied  in  the  wet 
sand  phase.  As  a  result,  the  p(H2)  in  the  head  space  increased  10  0.35  atm. 
and  the  Hj„j  reached  2.6  dB/km.  Both  the  p(H2)  and  the  H,^  started  to 
decrease  after  780  hours.  However,  they  did  not  go  down  to  a  negligible 
level  continuously  but  leveled  off  after  about  660  hours  at  p(H2)  =  0.2  atm. 
and  Hj^  =  2.0  dB/km  (Fig.  4). 

B.  The  effect  of  cable  shield  corrosion 

Among  the  three  cables  exposed  to  NaCI  solution  saturated  sand,  the  only 
difference  was  the  number  of  defects  in  the  outer  jacket.  As  of  6/1 1/92. 
the  analysis  of  gas  samples  for  the  cables  with  2  and  4  defects  showed  only 
traces  of  hydrogen.  Consequently,  these  cables  showed  no  measurjible 

The  third  cable  sample  with  8  defects,  showed  extremely  low  H,^  (Fig,  5). 
This  is  in  spite  of  the  fact  that  the  cable  shield  is  thoroughly  flooded  (water 
accumulation  and  rust  at  the  cable  ends  are  visible).  The  p(H2)  inside  the 
cable  at  the  two  cable  ends,  was  detectable  only  after  1000  hours  and  1500 
hours  of  exposure.  The  average  of  these  two  values  is  plotted  in  Figure  5. 
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Figure  5.  Hydrogen  indicator  (H,^ )  and  hydrogen 
partial  pressure  [p(H2)]  curves  vs.  time  for  an  optical 
fiber  cable  with  eight  1 .27  cm  x  1 .27  cm.  (0.5  in  x  0.5  in)  cable 
sheath  defects  exposed  to  fine  sand  saturated  with  3.5  percent 
(by  weight)  NaCl  solution. 


Cable  and  exposure 

Submarine  cable  with  galvanized  steel  armor  wire 
Submarine  cable  without  armor  wire 
Buried  cable 


Avg.p(H2)(atm.) 

0.69 

0.31 

0.12* 


*  The  test  environment  contained  83  percent  more  fermentable 
hydrocarbon  than  the  submarine  cable  test  environments. 


The  is  negligible  up  to  6/1 1/92.  Because  we  have  only  -600  meter 
test  length  of  fiber  and  the  hydrogen  level  is  very  low,  the  data  are  not 
reproducible.  A  trend  of  increase  starts  only  after  about  1500  hours 
of  exposure  time. 

Discussion  of  the  Results 

The  experiment  conducted  in  fine  sand,  saturated  with  inoculated 
hydrogen-producing  bacteria  culturing  solution,  indicates  that  hydrogen 
production  and  the  ensuing  increase  of  is  smaller  and  shorter  in 
duration  than  the  same  occurring  in  a  totally  liquid  environment.  This  is 
partially  due  to  the  fact  that  the  liquid  saturated  sand  contains 
approximately  half  as  much  fermentable  hydrocarbon  (dextrose)  as  that  in 
the  previous  experiments  conducted  in  the  inoculated  culturing 
solutions.*’^*  This  is  supported  further  by  the  introduction  of  dextrose  into 
the  environment  after  1800  hours  of  exposure  which  presumably  largely 
remained  in  the  liquid  phase.  The  partial  pressure  of  hydrogen  and 
developed  after  adding  extra  sugar  are  similar  to  that  measured  earlier  in  a 
similar  test  in  a  totally  liquid  medium.*'^’  The  short  duration  of  high  p(H2) 
and  Hiui  also  points  to  the  possibility  that  replenishment  of  fermentable 
hydrocarbons  in  wet  sand,  around  the  cable,  is  slower  than  in  liquids. 

The  addition  of  the  second  extra  160  gram  dextrose  to  the  wet  sand  phase 
produced  approximately  the  same  p(H2)  max.  value  as  the  first  extra 
addition.  However,  the  p(H2)  at  a  lower  level  (0.2  atm.)  persists  for  an 
appreciably  longer  time.  This  may  be  explained  by  the  fact  that  the  total 
dextrose  content  of  the  wet  sand  environment,  after  the  extra  additions  is 
440g,  while  the  dextrose  content  of  the  experiments  in  totally  liquid 
culturing  solutions  was  only  240g. 

In  order  to  compare  the  hydrogen  production  and  the  ensuing  Hj^  in 
environments  where  the  active  component  was  inoculated  hydrogen- 
producing  bacteria  culturing  solution,  the  p(H2)  and  Hjoi  data  were  plotted 
from  three  separate  experiments  (Fig.  6).  These  curves  indicate  that 
corrosion  of  the  submarine  cable  armor  wire  is  the  primary  contributor  to 
the  hydrogen-caused  signal  attenuation.  In  order  to  obtain  semi- 
quantitative  information  about  the  hydrogen  generation  under  various 
conditions  we  graphically  integrated  the  areas  under  the  p(H2)  vs.  time 
curves  in  Figure  6  and  divided  the  obtained  values  with  their  individual 
exposure  times.  This  calculation  gave  us  average  p(H2)  values  over  the 
time  of  the  experiments  as  follows. 


Legend 

1.  Hj^  of  submarine  cable,  with  galvanized  steel  armor  wire,  in 
hydrogen-producing  bacteria  culturing  solution 

2.  pfHz)  over  the  submarine  cable,  with  galvanized  steel  armor  wire,  in 
hydrogen-producing  bacteria  culturing  solution 

3.  Hj„,j  of  submarine  cable,  without  armor  wire,  in  hydrogen-prod’tcing 
bacteria  culturing  solution 

4.  p(H2)  over  the  submarine  cable,  without  armor  wire,  in  hydrogen 
producing  bacteria  culturing  solution 

S'  HiDd  buried  cable  (no  armor  wire)  in  a  mixture  of  fine  sand  and 
hydrogen-producing  bacteria  culturing  solution 

6.  p(H2)  over  the  buried  cable,  (no  armor  wire)  in  a  mixture  of  fine 
sand  and  hydrogen-producing  bacteria  culturing  solution 


Figure  6.  Hydrogen  indicator  (Hi„d )  and 
partial  pressure  of  hydrogen  [p(H2)] 
in  the  head  space  for  submarine  and  direct  buried  optical  fiber 
cables. 


The  experiments  conducted  in  3.5  percent  (by  weight)  NaCI  solution 
indicate  that  only  very  small  areas,  that  is,  the  cut  edge  of  the  corrugated 
steel  shield  and  the  scratched  areas  of  the  green  polymer  film,  are  exposed 
to  corrosion  (Fig.  5).  These  results  also  suggest  that  the  thin,  green 
polymer  film  is  not  only  an  adhesive  between  the  steel  shield  and  the  outer 
jacket,  but  is  also  a  good  corrosion  barrier. 

The  following  findings  indicate  very  limited  likelihood  of  hydrogen  caused 
signal  attenuation  in  direct  buried  optical  fiber  cables: 

•  The  data  from  this  study  shows  appreciably  less  bacterial  hydrogen 
production  in  wet  soil  than  in  the  environments  simulating  water 
crossings. 

•  Although,  the  hydrogen-producing  bacteria  were  present  at  every 
water  crossings  where  we  collected  bottom  sediments  in  the  vicinity 
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of  the  cables,  the  specimens  without  fermentable  hydrocarbon 
additive  produced  only  trace  to  0.6  percent  hydrogen."*’  Because 
such  low  level  of  hydrogen  causes  negligible  and  the  soil 
around  buried  cables  are  even  less  likely  to  contain  a  continuous 
source  of  fermentable  hydrocarbons,  we  can  safely  disregard 
microbiologically  generated  hydrogen  as  a  threat  to  buried  optical 
fiber  cables. 

«  Hydrogen-producing  bacteria  do  not  thrive  in  oxidizing  and  well 
aerated  soils. 

•  The  corrosion  of  the  steel  shield  at  defects  produces  negligible 
hydrogen  when  compared  to  that  of  galvanized  steel  armor  wires. 

*  The  depth  of  the  cables  in  buried  plant  cannot  increase  the  overall 
pressure  at  the  cable,  unlike  cables  at  deep  water  crossings,  thus,  the 
P(H2)  cannot  be  more  than  1  atm.  as  opposed  to  >8  atm.  in  deep 
waters. 

Summary 

Hydrogen-caused  signal  attenuation  experiments  were  conducted  in 
simulated  buried  plant  environments.  The  experiments  showed  that 
bacterially  fermented  hydrogen  formation,  and  the  ensuing  development  of 
Hj^  is  limited  both  in  magnitude  and  time  of  duration.  Also,  corrosion  of 
the  steel  shield  at  outer  jacket  defect  sites  produced  negligible  hydrogen 
and  Hjod  after  307  days. 

The  results  indicate  that  the  buried  optical  fiber  cable  plant  is  unlikely  to 
have  significant  hydrogen-caused  signal  attenuation  problems. 
Consequently,  we  conclude  that  no  additional  generic  requirements  for 
buried  optical  fiber  cables  are  needed  in  Bellcore  Technical  Reference(s). 
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ABSTRACT 

Fiber  optic  cables  installed  in  close  proximity  to  steam  lines 
are  vulnmable  to  serious  damage.  If  the  high  pressure,  high 
temperature  steam  emanating  riom  a  steam  pipe  rupture 
impinges  directly  on  a  standard  &ber  optic  cable,  the  jacket 
will  either  degrade  or  melt  Also,  standard  cables  that  are  in 
the  vicinity  of  pristine  steam  lines  can  be  damaged  by  (1) 
secondary  steam  generated  when  water  covers  the  hot  steam 
pipes  as  well  as  (2)  normal  heat  transfer  modes. 
Understanding  the  thermodynamic  conditions  of  the  harsh 
steam  envirotunents  is  important  in  optimizing  the  design  of  a 
steam-resistant  cable.  Thermodynamic  and  fluid  flow  analyses 
provide  temperature  and  velocity  profiles  for  steam  pipe 
rupture  of  different  diameters.  The  rates  of  decrease  for  steam 
jet  centerline  and  fanout  temperatures  are  shown  to  be  much 
mcHe  pronounced  for  smaller  rupture  diameters  while  the  jet 
velocities  remain  substantial  for  significant  distances  from  Ae 
rupture.  Implications  for  bracketing  design  limits  ate  that 
cables  designed  to  withstand  a  temperature  of  140°C  (284°F) 
should  survive  even  a  direct  steam  jet  from  ruptures  as  large 
as  2.5  cm  (1  in.)  in  the  highest  pressure  steam  lines. 

In  cases  where  steam-resistant  cables  are  not  used,  the  steam 
effects  mechatusms  are  identified  and  methods  for  alleviating 
their  impact  discussed. 


INTRODUCTION 

As  the  evolution  of  optical  fiber  transmission  systems 
continues  to  saturate  tte  commutucations  networks,  an 
increasing  number  of  hostile  environment  applications  ate 
being  encountered.  Understanding  such  envirotunents  and 
characterization  of  the  corresponding  physical  conditions  ate 
extremely  important  in  optical  fiber  cable  design.  One  of  the 
most  deman^g  environments  firequently  encountered  in  large 
cities  is  the  high  temperature,  hi^  humidity  conditions  that 
may  exist  when  optit^  fiber  cables  are  installed  in  close 
proximity  to  steam  pipes.  Telecommunication  cables  are  now 
being  d^gned  to  wi^tand  steam-relaied  conditions  because 
of  the  extensive  repair  expense  that  has  been  inemred  in  large 
cities  {(X  a  number  of  years.  Also,  with  today’s  high  capacity 
fiber  optic  media,  even  a  single  transmission  failure  is 
conaidned  too  many  in  the  telecommunications  industries. 
Despite  these  considerations,  no  published  woik  exists  that 
analyzes  the  steam  jet  exiting  a  pipe  rupture  or  brackets  the 


worst  case  design  conditions.  This  work  was  undertaken  to 
provide  these  inputs  which  are  necessary  fee  an  appropriate 
design  and  development  of  a  steam-resistant  fiber  optic  cable. 
Another  goal  was  to  provide  insights  for  avoiding  or 
alleviating  telecommunication  cable  steam  problems. 

This  paper  is  divided  into  four  sections.  In  the  first  two 
sections,  the  steam  line  damage  potential  is  sutiunarized  and 
the  most  common  steam  problem  mechaiusms  are  identified. 
The  third  section  presents  a  quantitative  analysis  that  reveals 
the  conditions  that  cables  can  encounter  when  they  are  close  to 
a  steam  pipe  rupture  or  leak.  This  third  section  is  extremely 
important  because;  (1)  it  provides  the  first  reported  analysis 
that  addresses  this  problem  and  (2)  the  resulting  temperature 
and  velocity  profiles  define  the  design  limits  that  a  steam- 
resistant  fiber  optic  cable  must  be  capable  of  withstanding. 
The  fourth  section  provides  basic  strategies  for  alleviating  the 
steam  problem  areas  along  with  discussions  of  some  potential 
pitfalls. 

1.0  ENVIRONMENT  IN  PROXIMITY  OF  STEAM  LINE 

As  indicated  above,  the  most  prevalent  hostile  envirotunent 
occurs  when  optical  fiber  cables  are  installed  below  street 
level  near  steam  lines  where  they  are  vulnerable  to  damage  or 
even  failure  when  the  steam  lines  rupture  or  crack.  High 
pressure,  high  temperature  steam  releas^  from  the  steam  pipe 
could  impinge  dirKtly  on  the  cable  and  either  melt  the  outer 
jacket  or  degrade  the  cable  because  of  long-term  exposure. 
Because  typical  steam  line  operating  pressures  and 
temperatures  are  set  at  2.8  MPa  (400  psig)  and  24S°C  (473*10 
for  high  pressure  lines  as  well  as  1.4  MPa  (2(X)  psig)  and 
212'’C  (41310  for  low  jnessure  lines,  the  maximum 
temperature  to  be  expected  outside  a  rupture  can  be  as  high  as 
171‘’C  (34010.  This  extreme  environment  is  too  harsh  for 
genera'  purpose  cables  that  have  econoitucal  designs.  Thus, 
the  tempoature  and  velocity  profiles  outside  the  steam  pipe 
rupture  must  also  be  known  to  accurately  bracket  the  worst 
case  design  limits. 

Even  when  steam  lines  are  in  pristine  condition  (Le.,  being  in 
a  state  of  tuM  leaking  steam),  tire  extremely  hot  lines  can 
sigitificantly  elevate  the  temperatures  of  nearby  fiber  optic 
cables  by  traditional  heat  transfer  modes.  Of  course,  the 
temperature  levels  that  the  cables  can  attain  depend  upon  the 
spatial  separation  and  characteristics  of  the  surroutuling  media 
as  will  be  discussed  in  the  next  section. 
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2.0  TELECOMMUNICATION  CABLES  STEAM 
DAMAGE  REGIMES 

In  designing  a  special  telecommunication  cable  for  potential 
steam  damage  environments  as  well  as  installing  a  standard 
cable  in  such  a  manner  as  to  alleviate  detrimental  steam- 
induced  conditions,  three  distinct  steam  effects  regimes  must 
be  understood  and  addressed.  These  steam  effects  regimes  for 
telecommunication  cables  are  identified  by  the  mechanisms  of 
thermal  interactions  causing  the  damage  and  will  be  referred 
to  as  the  Thermal  Vicinity  Damage  Regime,  the  Steam 
Condensation  Damage  Regime,  and  the  Steam  Jet 
Impingement  Damage  Regime.  The  steam  damage  regimes 
will  be  explained  in  the  following  three  subsections. 

2.1  Thermal  Vicinity  Damage  Regime 

The  first  and  probably  most  prevalent  steam  line  damage 
mechanism  occurs  when  telecommunication  cables  reside  in 
the  close  vicinity  of  pristine  steam  lines.  In  this  case,  the 
cables  are  affected  by  the  large  thermal  energy  transfer  from 
the  steam  line  to  the  telecommunication  cables.  This  thermal 
energy  transfer  can  be  either  by  conduction  through  the  soil 
(or  other  intervening  media),  radiation,  or  natural  convection 
as  well  as  any  combination  of  these  heat  transfer  modes.  In 
this  regime,  the  most  widespread  problem  occurrences  are 
caused  by  "clean"  heat  transfer  from  the  steam  line  resulting  in 
a  large  temperature  rise  in  nearby  telecommunication  cables. 
The  temperature  increase  is  generally  caused  by  either  (1) 
conduction  through  moist  soil  between  the  cable  and  steam 
line  or  (2)  radiation  and  convection  heat  transfer  via  air  at 
severe  conflict  areas  in  shared  manholes. 

2.2  Steam  Condensation  Damage  Regime 

The  Steam  Condensation  Damage  Regime  is  the  second  most 
prevalent  steam  effects  regime.  It  accounts  for  the  majority  of 
the  severe  cable  damage  when  the  telecommunication  cables 
and  the  steam  lines  are  not  extremely  close  to  each  other.  The 
Steam  Condensation  Damage  Regime  can  be  initiated  by  two 
steam  line  occurrences  that  are  similar  in  effect  but  wholly 
different  in  cause  as  will  be  discussed  below. 

The  most  dominant  Steam  Condensation  Damage  Regime 
occurrence  results  from  secondary  steam  generated  when  the 
water  table  rises  and  covers  the  hot  steam  pipes.  The  high 
temperature  pipes,  in  turn,  boil  the  water  creating  the 
secondary  steam  which  then  condenses  on  the 
telecommunication  cables.  The  change  of  phase  process 
causes  large  amounts  of  thermal  energy  (the  latent  heat  of 
condensation  of  the  vapor)  to  be  transferred  to  the  cable  at 
100°C  (212®F)-  (Usually  the  water  table  rises  in  urban  steam 
areas  because  of  low  lying  locations  and/or  tidal  conditions  in 
coastal  cities.) 

A  smaller  percentage  of  steam  condensation  problems  results 
from  direct  escape  from  the  steam  lines  because  of  leaks  and 
ruptures  in  the  pipe  walls.  Steam  generated  by  either  of  these 
means  can  affect  cables  significantly  far  away  from  the  steam 
lines  because  of  the  ability  of  steam  to  travel  through  devices 
or  underground  openings  leading  to  the  cables. 


2.3  Steam  Jet  Impingement  Damage  Regime 

The  third  steam  line  damage  mechanism  is  the  most  severe  but 
is  less  prevalent  than  the  first  two  regimes  discusseo.  This 
damage  mechanism  occurs  when  steam  jets  emanating  from 
leaks  and  ruptures  of  steam  lines  impinge  directly  upon  the 
telecommunication  cables.  Although  this  source  of  damage 
does  not  occur  as  often,  when  it  does  occur  standard  fiber 
optic  cables  are  usually  damaged  to  an  extent  that  service  is  or 
will  be  interrupted.  Understanding  the  steam  jet  impingement 
conditions  is  very  important  because  they  determine  the 
design  limits  for  steam-resistant  cable. 

3.0  FIBER  OPTIC  CABLE  DESIGN  CONDITIONS 
NEAR  STEAM  LINE  RUPTURES 

To  bracket  the  design  limits,  analyses  of  the  steam 
temperature  and  velocity  distributions  in  the  vicinity  of  a 
steam  pipe  rupture  were  completed.  This  study  led  to  an 
understanding  of  the  gas  flow  dynamics  in  the  vicinity  of  a 
steam  pipe  break  as  well  as  the  exposure  risks  for  cables 
installed  near  steam  ducts. 

3.1  Theoretical  Characterization  of  Steam  Pipe  Leak 

The  flow  of  steam  through  a  hole  or  crack  in  a  steam  pipe  is 
likely  to  be  similar  to  that  of  the  flow  through  a  converging 
nozzle.  Because  the  steam  pressure  is  much  higher  than  the 
surrounding  atmospheric  pressure,  the  steam  cannot  expand 
completely  to  the  atmospheric  pressure  before  it  exits  the 
crack  or  hole.  Instead,  the  flow  is  choked  and  the  steam 
pressure  is  still  very  high  immediately  outside  the  owning. 
These  conditions  create  a  highly  undeiexpanded  jet^'’^'  such 
as  the  one  depicted  in  Figure  1.  The  initial  velocity  of  this 
steam  jet  is  extremely  high,  and  shock  waves  develop  and 
persist  downstream  of  the  opening  until  the  pressure  of  the 
flow  finally  approaches  atmospheric  pressure.  At  that  point, 
the  flow  of  the  steam  should  be  similar  to  that  of  a  free 
turbulent  jet,^^'  illustrated  in  Figure  2,  whose  diameter 
increases  as  the  stagnant  air  is  entrained  in  the  flow  until  the 
jet  dissipates.  In  these  figures,  the  absolute  pressure  in  the 
steam  line  is  P,,,  the  atmospheric  pressure  is  P..,  and  the 
pressure  at  the  exit  of  the  nozzle  is  P*. 

To  further  explain  the  decay  of  subsonic  jets  issuing  into  a 
quiescent  medium  (repiescnted  by  Figure  2),  the  subsonic  jet 
is  characterized  by  a  potential  core  surrounded  by  a  region  in 
which  mixing  between  jet  and  ambient  fluid  takes  place.  At  a 
length  downstream  equal  to  Zc  (c  refers  to  core),  the  mixing 
region  has  spread  inward  enough  to  reach  the  centerline,  and 
the  core  no  longer  exists.  Further  downstream  from  this  point, 
the  mixing  region  continues  to  spread  as  the  velocity  decays  at 
a  rate  required  to  conserve  axial  momentum. 

For  sonic  exit  pressure  ratios,  Pe/P^>2,  the  form  of  the  shock 
structure  in  the  initial  shock  cells  are  extremely  severe.  For  a 
high  degree  of  under-expansion,  such  as  our  expected  Pe/P»  = 
14.9,  the  subsonic  core  region  is  quickly  accelerated  and 
becomes  supersonic  once  again  near  the  beginning  of  the 
second  cell.  For  these  very  high  pressure  ratios,  the  structure 
downstream  of  the  first  cell  is  dominated  for  a  great  distance 
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by  the  very  strong  normal  shock  in  the  first  cell,  and  no  other 
normal  shocks  are  present.  The  flow  then  decays  through  a 
structure  of  oblique  shocks  as  shown  in  Figure  1.  The  mixing 
region  surrounds  the  core  as  discussed  earlier,  but  its  radial 
diffusion  is  small,  with  the  result  that  the  core  of  the  highly 
underexpanded  jet  can  be  extremely  long.I*^ 

3.2  Thermodynamic  Analysis  of  Steam  Jet 


9z  ^  r  9r 


the  z-moroentum  equation. 


li. 

avJ' 

r  dx 

r  ). 

(1) 


(2) 


Based  on  nozzle  flow  measurements,  Donaldson  and 
Snedeker^’^  suggest  that  the  distance  required  for  the  pressure 
of  a  highly  underexpanded  jet  to  approach  atmospheric 
pressure  is  more  than  40  times  the  exit  diameter.  Thereafter, 
the  jet  should  behave  as  a  free  turbulent  jet.^*’^^  The  equations 
that  describe  the  behavior  of  the  free  turbulent  jet  have  the 
same  form  as  the  boundary  layer  equations  for  incompressible 
flow.^^*  Although  the  flow  of  the  steam  is  not  incompessible, 
the  results  presented  by  Donaldson  and  Sncdekcr^'^  confirm 
that  even  the  highly  underexpanded  jet  exhibits  the 
characteristics  of  an  incompressible,  free  turbulent  jet  after  the 
jet  reaches  a  pressure  that  is  nearly  atmospheric.  Thus  the 
appropriate  equations  consist  of  the  continuity  equation  (see 
Appendix  for  Nomenclature), 


and  the  energy  equation. 


dz 
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j__a 

ar] 

dr  p 

r  3r 

’’  ar  J 
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If  we  integrate  the  z-momentum  equation  over  the  area  normal 
to  the  z  axis,  from  r  =  0  to  r  =  m,  then 

^  f“  Vj2jtitir=0  .  (4) 

3z  ^0  * 

Thus,  the  axial  monoenmm  of  the  free  jet  is  independent  of  z 
or 
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f  V?  2m:dr  =  Constant  = 


T^IWI 


as  z  increases  and  the  jet  expands.  The  mass  flow  rate  in  the  z 
(5)  direction,  is  evaluated  as 


where  the  constant  has  been  determined  by  noting  that  the 
axial  momentum  of  the  free  turbulent  jet  would  originate  from 
steam  flowing  from  the  nozzle  exit  at  velocity,  V^,  if  the  flow 
were  incompressible.  A  similar  integration  of  the  energy 
equation  reveals  that  the  "energy  flow  rate"  in  the  axial 
direction  is  also  independent  of  z,  i.e.. 


Vjhz  2jnidr  =  Constant  = 


JtdJVehc 

4 


(6) 


The  free  turbulent  jet  has  a  velocity  profile  that  is  "similar" 
and  is  described  with  a  Gaussian  curve, 


V 

*  z.max 


=  exp 


C^z^ 


(7) 


and  an  envelope  of  the  radius,  r5,  at  which  the  velocity 
decreases  to  one-half  of  the  maximum  centerline  velocity, 
described  by  r^/z  =  tan  a.  Because  a  characteristic  of 
axisymmetric  free  turbulent  jets  is  that  the  angle  a  is  5°,  the 
constant  C  can  be  determined  and  an  expression  for 
found  by  substituting  from  Equation  (7)  into  Equation  (5) 
and  integrating.  After  noting  from  Reference  [1]  that 
is  equal  to  the  actual  exit  velocity  of  the  steam  at  z/d*  =  23, 
the  resulting  expression  reduces  to 

Vi,mw  _  23 


3.3  Steam  Jet  Temperature  Profiles 

Although  no  previous  woric  exists  for  the  temperature  profiles 
of  a  free  turbulent  jet,  Schlichting***  states  that  the  profile  is 
also  "similar”  and  can  be  expressed  with  a  Gaussian  curve. 
Assuming  that  the  steam  and  the  air  of  the  free  turbulent  jet 
are  in  local  thermodynamic  equilibrium  and  are  perfectly 
mixed  where  the  enthalpy,  hj,  is  an  approximate  average  value 
for  the  mixture  of  steam  and  air. 


itmax 


=  exp 


bV 


(9) 


An  expression  for  h2,„ux  i’C  determined  by  substituting  hz 
from  Equation  (9)  into  Equation  (6),  performing  the 
integration,  and  determining  flie  constants  using  the  same 
arguments  as  above.  Thus, 


^z,inax 

“hT 


23 

(z/d.)  ' 


(10) 


Even  though  the  axial  momentum  remains  constant  as  the  jet 
radius  increases  because  only  initially  stagnant  fluid  is 
entrained  in  the  jet,  the  mass  flow  rate,  ihz,  in  the  jet  increases 


mz  =  L  p  V^2xrdr  =  p  .  (11) 


The  average  enthalpy  of  the  mixture  is  defined  as 


h,= 


iTighj  +  m^h^ 


m. 


(12) 


where  liij  =  in,  +  m,  and  the  subscripts  s  and  a  denote  steam 
and  air,  respectively.  Assuming  that  each  component  of  the 
mixture  behaves  as  an  ideal  gas,  the  jet  centerline  temperature 
is  obtained  from 


Cps 


Cp,+ 


ll-5(Cp,-Cp.) 

(z/de) 


23 

(z/d,) 


(13) 


where  Cp  denotes  the  specific  heat  at  constant  pressure. 
Finally,  the  temperature  T^  =  Tj(r)  at  any  radial  or  axial 
position  can  be  determined  from 


r2 

C^z^ 

Te-T. 

(14) 


where  the  term  in  the  second  bracket  is  given  by  Equation 
(13). 

3.4  Quantitative  Implications  of  Steam  Leak  Profiles 

Using  the  above  expressions  and  assuming  a  typical  steam 
pipe  with  a  pressure  of  2.8  MPa  (400  psig)  the  temperature 
drop  in  the  vicinity  of  the  steam  pipe  is  approximately  as 
shown  in  Figure  3  for  various  sizes  of  pipe  ruptures.  The 
dashed  portions  of  each  curve  represent  an  extrapolation 
b^ause  the  theoretical  model  only  provides  analytical  results 
for  the  nozzle  exit  and  for  distances  greater  than  40  diameters 
away  from  the  nozzle  where  the  flow  becomes  a  fully 
developed  free  turbulent  jet  As  expected,  the  rate  of 
temperature  decrease  with  distance  is  much  greater  for  smaller 
size  ruptures.  For  example,  with  a  0.3  cm  (1/8  in.)  rupture 
diameter,  the  temperature  decreases  from  HPC  (341°F)  at  the 
exit  to  102°C  (215°F)  in  only  22.2  cm  (8-3/4  in.)  while  the 
temperature  for  a  rupture  with  a  diameter  of  5  cm  (2  in.)  does 
not  drop  to  this  level  until  356  cm  (140  in.)  away  from  the 
steam  pipe.  One  mechanism  causing  the  differences  is  that  the 
larger  jet  has  to  entrain  a  larger  amount  of  the  cooler  ambient 
air  before  the  centerline  velocity  becomes  equally  diminished 
because  of  the  larger  cross-sectional  area  of  the  jet.  Also,  the 
larger  rupture  hole  inherently  creates  a  longer  length  of  shock 
waves  to  unravel  the  underexpanded  jet  conditions  prior  to  the 
development  of  the  free  turbulent  jet  regime. 

The  temperature  profiles  fanning  away  from  the  steam  jet 
centerlines  are  presented  because  the  likelihood  of  a  direct 
alignment  of  a  rupture  with  a  cable  is  remote.  The 
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2,  cm 

Figures.  Maximuin  (Centerline)  Temperature  of  Steam  Jet,  Tz.max<  versus 
Distance,  z,  from  Steam  Pipe  Ruptures  of  Various  Sizes. 


temperature  profiles  for  the  steam  jet  cross-section  emanating 
from  a  0.6  cm  (1/4  in.)  and  a  5  cm  (2  in.)  diameter  steam  pipe 
hole  are  shown  in  Figures  4  and  5  for  typical  high  pressure 
steam  line  conditions. 

Temperatures  are  provided  for  two  flow  envelopes  in  addition 
to  the  maximum  centerline  temperatures.  The  outside 
envelope  represents  temperatures  where  the  entraining  air  has 
reduced  the  velocity  to  0.1  that  of  the  centerline  velocity  and 
the  intermediate  envelope  represents  temperatures  where  the 
entraining  air  has  reduced  the  velocity  to  0.5  of  the  centerline 
velocity.  The  curves  reveal  that  the  temperatures  drop  off 
significantly  at  radii  away  from  the  centerline  while  the 
centerline  temperatures  do  not  decrease  much  until  the  fully 
developed  flow  regime  begins.  These  temperature  profiles 
also  indicate  that  the  fanout  angle  is  relatively  small,  so 
extremely  severe  temperatures  would  not  be  experienced 
unless  a  cable  sustains  almost  a  direct  hit. 

The  maximum  centerline  velocities  of  jets  from  steam  pipe 
ruptures  that  match  the  centerline  temperatures  are  shown  in 


Figure  6.  Note  that  the  primary  velocity  plots  do  not  appear  to 
begin  at  the  exit  velocity.  This  graphical  license  is  t^en  for 
visual  clarity  because  the  flow  velocity  in  the  initial  portion  of 
each  curve  fluctuates  wildly  as  shock  waves  form  in  the  highly 
underexpanded  region  immediately  following  the  exit.  The 
insert  to  Figure  6  gives  an  example  of  these  fluctuations  that 
represent  the  inidal  portion  of  the  top  plot  for  a  5  cm  (2  in.) 
pipe  rupture.  Velocity  fluctuations  for  the  smaller  diameter 
ruptures  are  similar  but  would  occur  over  a  correspondingly 
shorter  distance.  The  profiles  indicate  that  the  centerline 
velocities  remain  substantial  for  relatively  large  distances 
away  from  a  steam  pipe  rupture. 

4.0  METHODS  OF  ALLEVIATING  DETRIMENTAL 
EFFEfJTS  OF  STEAM  ON  FIBER  OPTIC  CABLE 

Methods  for  alleviating  or  preventing  the  detrimental  effects 
caused  by  steam  lines  in  the  vicinity  of  fiber  optic  cables  are 
discussed  in  the  following  three  subsections.  Guidelines  are 
provided  for  initial  installation  procedures,  retrofitting 
protection  methods,  and  replacement  options. 


Figure  4.  Temperature  Profile  of  Fluid  Jet  Cross  Section  Emanating  from  0.62  cm  Diameter  Steam 
Pipe  Rupture  [245*C  (473*10  uid  2JS  MPa  (400  psig)Inside  Temperature  and  Pressure]. 
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Figure  5.  Temperature  Profile  of  Fluid  Jet  Cross  Section  Emanating  from  5  cm  (2")  Diameter  Steam 
Pipe  Rupture  124S°C  (473°F)  and  IJi  MPa  (400  psig)  Inside  Temperature  and  Pressure]. 


z.  cm 


Figure  6.  Maximum  (CenterUne)  Velocity  of  Steam  Jet,  V^„„,  versus  Distance,  z,  from  Steam  Pipe 
Ruptures  of  Various  Sizes.  (Insert  Shows  Typical  Velocity  Fluctuations  Caused  by  Shodc 
Waves  in  Underexpanded  Jet  from  Reference  [1].) 


4.1  Use  of  Steam<Resistant  Cable 

The  easiest  and  probably  surest  method  of  protecting  a  fiber 
optic  cable  in  the  vicinity  of  a  steam  pipe  is  to  use  a  steam- 
resistant  cable  that  will  withstand  the  harsh  steam  conditions 
(see,  for  example.  Reference  [6]).  Using  a  sheath  that  is 
su^ently  robust  to  withstand  the  absolute  worst  conditions 
imaginable  would  not  be  economically  feasible,  however. 


Even  designing  a  fiber  optic  cable  that  is  capable  of 
withstanding  the  worst  conditions  encountered  in  a  high 
percentage  of  the  conflict  areas  could  result  in  a  significant 
sheath  cost  premium.  For  this  reason,  an  analysis  of  the 
expected  thermodynamic  conditions  as  presented  in  Section 
3.0  is  essential  to  any  steam-resistant  cable  design  to  ensure 
that  the  costly  high  temperature  materials  are  optimized  for 
cost/value  performance. 
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4.2  Initial  Installation  Suggestions 

The  thennal  energy  potential  in  a  foot  of  steam  duct  is 
alarming.  The  basic  rule  for  protecting  standard  fiber  optic 
cables  from  these  potent  steam  lines  for  generating  thermal 
energy  is  straightforward  although  difficult  to  achieve  in  some 
real  world  situations. 

The  basic  design  objectives  should  be  as  follows;  (1)  Increase 
the  thermal  resistance  to  heat  transfer  between  the  high-energy 
steam  line  and  the  fiber  optic  cable  to  a  maximum.  (2) 
Concurrently,  the  thermal  resistance  between  the  cable  and  a 
heat  sink  (e.g.,  cool  environment)  should  be  made  as  small  as 
possible  so  the  cable  temperature  does  not  rise  significantly 
higher  than  the  environment  temperature.  (See  electrothermal 
analog  in  Figure  7.) 

T(„  (Environment  Temperature) 


He  (Heat  Transfer  Coefficient) 


Design  Objectives:  RWrmal~^  Small 

Thermal 

Figure  7.  Electro-Thermal  Analog  Representing  Thermal 
Paths  for  Heat  Flow,  Q,  from  Steam  Line  to 
Telecommunication  Cable  and  Q*  from  Cable 
to  the  Environment. 


For  initial  designs,  the  obvious  best  way  of  achieving  these 
objectives  is  to  put  as  much  distance  between  the  steam  line 
and  the  fiber  optic  cable  as  possible  while  locating  the  cable  as 
close  to  a  cooler  environment  as  practical.  (This  generally 
means  putting  the  cables  closer  to  the  ground  surface  and 
above  the  steam  lines.)  An  important  caveat  to  this  approach 


is  to  avoid  a  condition  that  commonly  occurs  in  which 
primary  or  secondary  steam  becomes  trapped  underneath  city 
streets.  This  steam  can  travel  horizontally  and  vertically 
through  crevices  in  the  soil,  surround  the  cable,  condense  on 
the  cable,  and  impart  thermal  energy  to  the  cable.  A  sketch 
illustrating  this  scenario  is  shown  in  Figure  8.  Note  that  the 
trapped  steam  violates  the  second  design  objective  of 
providing  a  low  thermal  resistance  path  from  the  fiber  optic 
cable  to  a  cooler  environment. 


Figures.  Typical  Steam  Leak  Entrapment  Conditions 
Underneath  City  Streets. 


In  situations  where  the  likelihood  of  steam  being  trapped 
around  the  fiber  optic  cable  is  recognized  initially,  the  lower 
thermal  resistance  path  for  the  cable  may  not  be  toward  the 
street.  On  the  other  hand,  installing  grates  above  the  cable  to 
vent  the  trapped  steam  may  be  possible  in  these  cases. 

Constructing  a  special  housing  to  protect  cables  from  steam 
damage  in  extreme  conflict  areas  that  incorporate  the  design 
objectives  of  Figure  7  is  possible.  These  protective  housing 
designs  have  been  documented  but  are  usually  more  expensive 
than  using  a  steam-resistant  sheath  as  discussed  in  the 
previous  section. 
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4.3  Restoration  Guidelines  for  Existing  Plant  Problems 

Existing  fiber  optic  cable  in  steam  conflict  areas  can  only  be 
protected  after  repair  by  either  (1)  using  costly  special 
insulated  duct  construction  or  ground  vents  that  achieve  the 
thermal  resistance  objectives  of  Figure  7,  (2)  retrofitting  a 
steam-resistant  cable,  (3)  installing  special  barriers  to  block 
the  steam  access  and/or  reduce  heat  transfer  to  the  cable,  or  (4) 
convincing  the  utility  company  to  repair  and  monitor  the 
problem  steam  line. 

One  of  the  most  frequent  steam  damage  problems  that  occurs 
in  existing  plant  leads  to  the  conditions  shown  in  Figure  8  and 
discussed  in  the  last  subsection.  The  problem  source  is  a 
leaking  steam  line  near  the  fiber  optic  cables  that  is  not  costing 
the  utility  company  enough  to  justify  the  repair  expenses.  In  a 
number  of  these  cases,  local  engineering  firms  have  advised 
the  telecommunication  companies  to  replace  the  damaged 
cables  and  insulate  them  for  protection.  Typically  this  "so- 
called"  fix  results  in  the  city  streets  having  to  be  reexcavated 
immediately  afterwards.  The  reason  for  the  problem 
recurrence  is  that  having  the  cables  heavily  insulated  is  useless 
because  the  entire  cable  interior  will  eventually  reach  the 
surrounding  steam  temperature.  The  simplest  actual  solution 
(other  than  a  steam  cable  retrofit)  is  to  insert  a  barrier  that 
blocks  the  flow  of  leaking  steam  from  reaching  the  cable. 


Figure  9.  Approximate  Temperature  Gradient  for 
Natural  Convection  Cooling  of  a  Heated 
Conduit  Surface  with  an  Open  Cavity  Above  it. 


Another  temporary  solution  to  many  steam  problems  in 
existing  plant  is  to  use  ground  vents  with  a  chimney  to  permit 
enhanced  natural  convection  cooling.  Figure  9  shows  a 
vertical  cavity  opening  immediately  above  the  surface  of  a 
heated  cable.  Note  the  heat  dissipation  capability  is  reduced 
because  the  rising  boundary  layers  in  the  cavity  will  interfere 
with  each  other.  Also,  with  the  simple  excavation  shown,  the 
sides  and  bottom  of  the  cable  or  conduit  would  still  be 
exposed  to  the  moist  soil  at  elevated  temperatures.  A  fourfold 


increase  in  the  thermal  energy  removal  capacity  can  be 
achieved  by  providing  an  air  space  completely  around  the 
cable  or  conduit.  This  configuration,  shown  in  Figure  10, 
isolates  the  conduit  from  the  hotter  earth  that  is  in  close 
thermal  communication  with  the  heat  source  and  also  sweeps 
away  portions  of  the  convective  and  conductive  thermal  paths 
before  the  conduit  becomes  overheated.  The  chimney 
addition  shown  further  enhances  the  gravity  flow  capacity  by 
an  amount  proportional  to  the  square  root  of  chimney  height 


Figure  10.  Vertical  Cavity  Vent  with  Air  Spacing  Around 
Periphery  of  the  Conduit  and  Chimney  Vent 
for  Further  Cooling  Enhancement. 


Both  types  of  ground  vent  discussed  above  are  efficient  if 
positioned  directly  over  a  discrete  high  temperature  hot  spot. 
However,  only  the  cavity  constructed  with  air  spacings  around 
the  periphery  of  the  conduit  possesses  sufficient  heat 
dissipation  potential  to  permit  intermittent  skipping  of  high 
temperature  conduit  lengths  which  is  usually  imperative  for 
economical  venting. 
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CONCLUSIONS 

As  optical  fiber  teleconomunications  continues  to  spread,  the 
need  for  defining  and  having  solutions  for  hostile  environment 
conditions  grows  in  importance.  Quantitative  results  are 
provided  that  bracket  the  conditions  for  one  of  the  most 
frequently  encountered  and  most  severe  hostile  environments 
(i.e.,  high  pressure  steam). 

The  temperature  and  velocity  profiles  that  would  emanate 
from  a  high  pressure  steam  pipe  rupture  were  generated  and 
presented  graphically.  The  temperature  profiles  reveal  that 
temperatures  up  to  71®C  (133°F)  greater  than  the  atmospheric 
pressure  vaporization  temperature,  lOO^C  (212“F),  could 
theoretically  be  encountered  when  cables  are  intersected  by 
steam  jets  exiting  from  a  steam  line  rupture.  As  expected,  the 
rate  of  temperature  decrease  with  distance  was  found  to  be 
much  greater  and  the  fanout  of  high  temperature  much  less  for 
smaller  size  ruptures.  Although  the  steep  dropoff  in 
temperatures  as  the  steam  jets  fan  out  from  the  centerline 
indicates  that  the  damage  to  optical  fiber  cables  offset  by 
approximately  a  meter  is  minimized  if  the  cable  can  withstand 
moist  100°C  (212°F)  temperatures  for  long  lengths  of  time, 
this  is  only  part  of  the  story.  The  advantage  of  this  steep 
transverse  offset  temperature  drop  is  countered  by  the  slow 
centerline  temperature  decrease.  For  example,  for  a  5  cm  (2 
in.)  diameter  rupture  the  centerline  temperature  drops  to  only 
113°C  (236“F)  at  a  distance  of  3.04  meters  (10  feet).  Also, 
temperatures  significantly  above  100°C  (212°F)  can  be 
incurred  in  cables  located  within  several  meters  of  even 
pristine  steam  lines  due  to  pure  radiation  and  conduction  heat 
transfer.  Based  on  this  study,  cables  with  sheaths  designed  for 
temperatures  of  140®C  (284 ®F)  should  survive  almost  all 
conceivable  pure  heat  transfer  interactions  and  even  a  direct 
steam  jet  from  up  to  a  2.S  cm  (1  in.)  hole  in  the  highest 
pressure  steam  line  if  not  extremely  close  to  the  rupture. 

The  noost  common  steam  damage  regimes  for 
telecommunication  cables  were  also  identified  and  methods 
for  alleviating  the  steam  effects  discussed.  If  a  steam-resistant 
cable  is  not  used,  the  design  objectives  for  steam 
environments  are  to  maximize  the  thermal  resistance  to  heat 
transfer  between  the  steam  line  and  the  cable  and  minimize  the 
thermal  resistance  between  the  cable  and  a  heat  sink. 
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APPENDIX 

Nomenclature 

Cp  Specific  Heat  at  Constant  Pressure 

d*  Diameter  at  Nozzle  Exit 

He  Surface  Heat  Transfer  Coefficient 

he  Enthalpy  per  Unit  Mass  (at  nozzle  exit) 

hj  Enthalpy  at  Location  z 

k  Thermal  Conductivity 

m  Mass  Flow  Rate 

riis  Mass  Flow  Rate  of  Steam  in  the  Jet 

P  Pressure 

Q  Heat  Flow 

R  Thermal  Resistance  to  Heat  Flow  Between  Steam 

Line  and  Telecommunication  Cable 
R*  Thermal  Resistance  to  Heat  Flow  Between  Telecom¬ 
munication  Cable  and  a  Cooler  Environment 
r  Magnitude  of  Radius 

T  Temperature 

Tcab  Telecommunication  Cable  Temperature 
T,  Steam  Pipe  Temperature 

u  Velocity  Due  to  Bouyancy  Forces 

V  Velocity 

Va.m«  Velocity  at  Jet  Centerline  at  Location  z 
Zc  Apparent  Core  Length 

Greek  Symbols 

V  Ratio  of  Specific  Heats 
p  Mass  Density 

V  Kinematic  Viscosity 

Subscripts 

a  Air 

c  Core  Location 

e  Nozzle  Exit 

o  Stagnation  State 

r  Radial  Direction 

s  Steam 

oo  Ambient  Conditions 

z  z-Direction 

z,max  Maximum  Condition  at  Jet  Centerline  for  Location  z 
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Abstract 

Polymer  coated  optical  glass  fibers  can 
exhibit,  under  severe  environmental  conditions, 
an  accelerated  static  fatigue  behavior  at  long 
times  and  under  moderate  stresses.  This 
behavior  is  manifested  as  a  transition  towards 
shorter  times  to  failure  in  the  static  fatigue  plot 
of  In  (time  to  failure)  versus  In  (applied  stress). 
To  better  understand  this  effect,  a  wide  variety 
of  polymeric  coatings  on  optical  glass  fibers 
were  tested  for  their  effectiveness  in  inhibiting 
this  transition.  Two-point  bending  static 
fatigue  data  were  obtained  in  either  80°C  or 
85°C  water  immersion.  The  coatings  included 
in  the  testing  were  ultraviolet  (u.v.)  curable 
acrylates,  fluorinated  acrylates,  polyimides,  and 
silicones.  Also  tested  were  several  generations 
of  fiber  containing  titania  doping  in  the  glass 
cladding  surface.  It  was  found  that  the  most 
effective  coatings  in  increasing  the  resistance  of 
the  fiber  to  accelerated  fatigue  were  phenyl- 
methyl  silicone  and  polyimide. 


Introduction 

It  is  now  well  established  that  polymer 
coated  optical  glass  fibers  can  exhibit  a 
transition  in  slope  of  their  static  fatigue 
behavior  that  can  severely  limit  their  long  term 
reliability  in  certain  harsh  environments.  This 
transition  was  first  observed  by  Wang  and 
Zupko*  after  about  20  days  for  fibers  coated 
with  a  u.v. -curable  epoxy-acrylate  at  32.6°C 
and  90%  r.h.  Subsequently,  others  have  shown 
that  this  transition  depends  upon  the 
environmental  conditions  as  well  as  the 
polymer  coating.  For  example,  Krause  and 
Paek2  reported  the  change  in  slope  occurring  in 
shorter  time  scales  for  static  fatigue  tests  in 
90°C  water.  In  this  environment,  the  transition 
occurred  after  about  1  hour  for  fibers  coated 
with  a  u.v. -curable  epoxy  acrylate  and  a 


^  Raychem  GmbH,  Ottobrunn,  Germany. 


silicone-nylon  composite,  and  about  6  hours  for 
a  u.v. -curable  polyester.  Chandan  and  Kalish^ 
tested  the  static  fatigue  of  a  u.v. -curable 
polyurethane  acrylate  coated  fiber,  in  water,  in 
10°C  intervals  from  40°C  to  90°C.  The 
transition  was  experimentally  verified  at  all 
temperatures  in  the  range  tested,  increasing 
from  about  10  hours  at  90°C  to  about  5  days  at 
40°C.  Cuellar  e/  alA  observed  the  transition  in 
water  at  80°C  for  a  laboratory  drawn  acrylate 
coated  fiber  in  about  1  day,  while  the  same 
glass  coated  with  a  silicone  showed  no 
transition  in  tests  extending  to  1.5  years. 
Roberts  et  al.  ^  reported  no  transition  in  tests 
at  various  levels  of  relative  humidity,  ranging 
from  0%  r.h.  to  90%  r.h.,  and  80°C.  Krause^-l 
also  reported  fatigue  results  of  stripped  fiber, 
demonstrating  that  the  transition  in  slope  is  an 
intrinsic  characteristic  of  the  bare  glass  which 
can  be  modified  by  the  presence  of  the  coating 
material.  In  addition,  Matthewson  and 
Kurkjian*  and  Krause  and  Shute^  showed  that 
the  fatigue  transition  is  sensitive  to  pH, 
occurring  more  rapidly  at  higher  pH  for  both 
bare  fiber,  stripped  of  its  polymeric  coating, 
and  fiber  with  a  u.v. -curable  urethane  acrylate 
coating. 

The  fatigue  transition  appears  to  be 
strongly  influenced  by  the  chemistry  of  the 
coating.  Attempts  at  modeling  it^.^have 
resulted  in  empirical  expressions  not  founded 
on  physical  models.  While  reasonable  fits  to 
the  data  were  obtained,  these  authors 
cautioned  against  extrapolation  outside  of  the 
bounds  of  the  data.  Regardless,  the  existence  of 
the  transition  should  be  considered  for 
conservative  service  life  predictions.  Due  to  its 
practical  importance,  we  undertook  an 
extensive  research  program  to  test  the 
effectiveness  of  a  wide  variety  of  different 
polymer  coated  optical  fibers  in  inhibiting  the 
transition. 
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Experimental 

Fourteen  different  optical  glass  fibers 
were  included  in  this  study.  Both  commercial 
telecommunications  fibers  purchased  over  a 
five  year  period  as  well  as  samples  specially 
prepared  in  this  laboratory  were  tested.  The 
fibers  are  described  below: 

Polyurethane  Acrylate  Coated  Fibers: 

•  Corning  Corguide^^^f  1508  (100/140um 

multimode  fiber,  250  pm  CPC2  coating) 

•  Corning  Corguide  1528  (singlemode  fiber, 
125pm  cladding,  250pm  CPC3  coating) 

•  Corning  Corguide  1528  (custom  singlemode 
fiber,  125pm  cladding,  250pm  CPC5  coating) 

•  Corning  HFRC  (developmental  singlemode 
fiber  with  titania-doped  cladding,  CPC3  coating) 

•  Corning  Titan^^^  (singlemode  fiber  with 
titania-doped  cladding,  125pm  cladding,  250pm 
CPC5  coating) 

•  AT&T  (singlemode  fiber,  125pm  cladding, 
250pm  pre-D-Lux  lOO^M  coating) 

•  AT&T  D-Lux  100  (singlemode  fiber,  125pm 
cladding,  250pm  D-Lux  100  coating) 

•  Raychem  lab  drawn  (480pm  silica  fiber,  no 
cladding,  600pm  DeSoliteTM  950-131  coating) 

•  Sumitomo  (100/140pm  multimode  fiber, 
250pm  coating) 

Fluorinated  Acrylates: 

•  Ensign-Bickford  HCS™  (Hard  Clad  Silica, 
200/220pm  multimode  fiber,  with  fluorinated 
acrylate  cladding) 

Polyimides: 

•  Raychem  lab  drawn  (480pm  silica  fiber,  no 
cladding,  with  DuPont  Pyrolin'f  P 1  25 25 
polyimide  coating,  520pm  coating) 

•  Raychem  VSl^^  (100/120pm  multimode 
fiber,  with  permanent  polyimide  primary 
coating  and  silicone  overcoat) 


Silicones: 

•  Raychem  lab  drawn  (480pm  silica  fiber,  no 
cladding,  with  a  625pm  coating  consisting  of  a 
75%  phenyl-,  25%  methyl-silicone  primary 
coating  and  a  dimethyl  silicone  overcoating) 

•  Sumitomo  (100/140pm  multimode  fiber, 
250pm  methyl-phenyl  silicone  coating) 

The  static  fatigue  behavior  of  the  fibers 
was  measured  using  a  two-point  bending 
geometry.  Two  types  of  bending  fixtures  were 
used,  both  made  of  anodized  aluminum.  One 
consisted  of  two  parallel  plates  with  20  or  30 
precision-machined  V-grooves  to  hold  the 
fibers  in  place.  Accurate  stainless  steel  spacers 
were  used  to  separate  the  plates  to  the  desired 
values.  The  second  fixture  type  consisted  of  a 
block  2.5  cm  high  with  20  precisely  reamed 
identical  holes.  The  ends  of  the  fiber  were 
pulled  through  each  hole  until  the  fiber  bends 
were  inside  the  holes.  Applied  stresses  were 
systematically  varied  from  1100  to  4100  MPa. 
Each  fixture  was  submerged  in  a  Pyrex  tank  of 
deionized  water  at  80°C  or  85“C  and  whose 
temperature  was  carefully  regulated  to  +.0.2°C. 
Each  tank  was  equipped  with  an  overflow 
drain,  and  deionized  water  (16-18  Mohm-cm) 
was  continuously  dripped  into  the  tank.  The 
rate  of  addition  of  water  was  sufficient  to 
replace  the  loss  due  to  evaporation  and  to  turn 
over  the  water  in  the  tank  every  12  hours.  The 
pH  and  conductivity  of  the  water  in  each  tank 
were  monitored  regularly.  The  pH  remained 
constant  at  about  4  to  6,  and  the  conductivity 
at  1  to  2  micromho/cm.  The  tanks  were 
insulated  and  outfitted  with  polycarbonate  lids 
to  reduce  contamination  by  dust. 

Fiber  breaks  were  monitored  acoustically 
with  a  hydrophone  and  confirmed  visually. 
The  voltage  generated  by  the  hydrophone  was 
amplified,  filtered,  and  either  recorded  on  strip 
chart  recorders  or  by  a  data  acquisition  system 
and  computer.  All  fiber  breaks  were  entered 
into  a  data  base  for  analysis.  The  results  of 
each  experiment  were  analyzed  using  Weibull 
statistics.  Typically,  20  specimens  were  tested 
at  each  condition  of  applied  stress  and 
temperature,  and  the  Weibull  probability 
function  Inin  (1/(1-F)),  where  F  is  the 
cumulative  failure  probability,  was  plotted 
against  the  experimentally  determined  time  to 
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failure.  This  data  were  regressed  linearly  to 
calculate  the  median  time  to  failure  at  a 
cumulative  failure  probability  F=0.5.  Static 
fatigue  data  were  then  plotted  as  In  (median 
time  to  failure)  versus  In  (applied  stress).  The 
strain,  e  on  the  fibers  was  calculated  from  10 


e=1.1978 


2r 
D-  d 


(1) 


for  the  test  fixtures  using  precision  reamed 
holes,  and 

e=  1.1978  - — - 

D  +  2A  - dVy 


for  the  test  fixtures  using  parallel  plates.  In 
these  equations,  r  is  the  glass  fiber  radius,  D  is 
the  plate  separation  or  hole  diameter,  A  is  the 
average  groove  depth,  and  d  is  the  coated  fiber 
diameter. 


The  applied  stress  o  is  given  by 


0  =  eE 


(3) 


where  E  is  the  secant  modulus  and  is  related  to 
the  strain  byl  1 


E=Eo(l+3e)  ^4^ 

Eq  is  the  modulus  of  the  fiber,  70.3  GPa  for 
pure  silica  cladding  fibers,  and  65.5  for  fibers 
with  titania  doped  claddings. 


Results  and  Discussion 

Figures  1  and  2  illustrate  the  significant 
effect  that  different  u.v. -curable  polyurethane 
acrylate  coatings  can  have  on  the  static  fatigue 
transition.  The  time  of  the  transition  can 
increase  from  0.5  days  for  the  Raychem  lab 
drawn  fiber  with  DeSolite  950-131  acrylate 
coating  (at  80°C)  to  230  days  for  the  AT&T  D- 
Lux  100  coated  fiber  (at  85°C).  Table  1 
summarizes  the  static  fatigue  transition  times 
for  these  various  optical  fibers.  The  transition 
time  was  determined  graphically  and  defined 
as  the  time  at  which  the  fatigue  data  deviated 
from  the  straight  line.  Also  included  in  Table  1 
is  the  stress  corrosion  constant  n,  equal  to  the 
negative  of  the  slope  of  the  static  fatigue  plot 
before  the  occurrence  of  the  transition.  For 
pure  silica  cladding  fibers,  it  can  be  seen  that 
different  u.v. -curable  polyurethane  coatings 
can  also  significantly  affect  the  stress  corrosion 
conrtant,  which  varied  from  22  for  Corguide 
1508,  CPC2  (at  80°C)  to  48  for  Corguide  1528, 
CPC3  (at  85°C). 

It  is  interesting  to  examine  in  greater 
detail  the  data  presented  for  Corning  and  AT&T 
fibers.  All  of  these  fibers  have  dual  layer 
polyurethane  acrylate  coatings,  with  a  lower 
modulus  inner  primary  coating  applied  directly 
to  the  fiber  cladding  surface  and  a  higher 
modulus  outer  primary  coating  which  is 
adhered  to  the  inner  coating.  The  CPC2,  CPC3 


TABLE  1.  Summary  of  the  Static  Fatigue  Behavior  of  UV*Curable 
Polyurethane  Acrylate  Coated  Fibers. 


Fiber 

Test  Environment 

Transition  Time 

In  (time,  seconds) 

Stress  Corrosion 
Constant,  n 

Corguide  1508  CPC2 

80°C  Water 

12.0  (+0.5/-1.0)a 

22  (+  1.0)h 

Corguide  1528  CPC3 

Corguide  1528  CPC3 

SO^C  Water 

15.5  (+0.2/-0.2) 

30  (+1 .0) 

85°C  Water 

14.5  (+0.2/-0.5) 

48  (±8.0) 

Corguide  1528  CPC5 

85  °C  Water 

14.4  (+0.2/-0.5) 

38  (±4.0) 

AT&T  (Pre-D-Lux  100) 

85'’C  Water 

12.5  (+0.1/-0.3) 

30  (±1 .0) 

AT&T  D-Lux  100 

85°C  Water 

16.8  (+0.2/-0.3) 

24  (±2.0) 

Raychem 

80°C  Water 

10.7  (+0.2/-0.2) 

31  (±6.0) 

Sumitomo 

80°C  Water 

12.1  (+0.2/-0.2) 

24  (±1 .0) 

Coming  HFRC  CPC3 

80°C  Water 

17.8  (+0.1/-0.3) 

98  (±20.0) 

Corning  Titan  CPC5 

Corning  Titan  CPC5 

80‘’C  Water 

15.5  (+0.2/-0.2) 

126  (±22) 

85  °C  Water 

i5.4  (-r0.1/-0.3) 

>70 

3  Estimate  of  the  uncertainty  in  the  transition  time, 
h  Standard  error  of  the  estimate  in  n  from  linear  regression. 
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and  CPC5  coatings  represent  successive 
generations  of  Corning  coatings.  In  the  change 
from  CPC2  to  CPC3,  the  inner  primary  was 
modified  for  improved  adhesion  and  its 
hardness  was  increased.  There  was  no  change 
to  the  outer  primary  coating.  On  the  other 
hand,  the  change  from  CPC3  to  CPC5  involved 
increasing  the  hardness  of  the  outer  coating  to 
provide  better  abrasion  resistance  and 
toughness,  while  the  inner  primary  coating  was 
left  unchanged*^.  As  can  be  seen  in  Table  1 
and  Figures  1  and  2,  changes  in  the  time  of  the 
transition  are  well  correlated  with  these 
changes  in  the  coatings.  The  change  from  CPC2 
to  CPC3,  corresponding  to  a  change  in  inner 
coating,  increased  the  time  of  the  fatigue 
transition  from  2  days  to  62  days,  while  the 
change  to  CPC5,  which  was  a  change  in  the 
outer  coating  only,  resulted  in  no  change  in  the 
time  of  the  transition,  23  days  for  CPC3  vs.  21 
days  for  CPC5  in  85°C  water.  Similarly,  AT&T 
D-Lux  100  coatings  were  formulated  to 
minimize  moisture  absorption  into  the  coating, 
improve  and  maintain  adhesion  to  the  cladding, 
and  enhance  hydrolytic  stability  with  aging 
over  the  standard,  previous  coating^^.  These 
changes  increased  the  time  of  the  fatigue 
transition  from  2  days  to  230  days  in  85°C 
water. 

Significantly  more  dramatic  effects  on  the 
static  fatigue  behavior  are  observed  for  fibers 
with  other  polymeric  coatings,  as  shown  in 
Figure  3  and  Table  2.  The  short  term  fatigue 
resistance  of  these  non-polyurethane  coated 
fibers  are  similar  to  each  other  and  not 
significantly  different  from  those  of  the 
acrylate-coated  fibers,  but  the  fatigue 


transition  can  be  very  effectively  inhibited. 
For  example,  the  Raychem  laboratory  drawn 
fiber  with  phenylated  polysiloxane  primary 
coating  showed  no  transition  in  80°C  water  in 
tests  extending  out  to  4.2  years.  These  tests 
were  terminated  at  a  time  when  the  data  point 
indicated  by  the  arrow  had  two  fiber  breaks 
out  of  20  fibers  under  test.  Similarly,  both 
polyimide  coated  fibers  under  test  show  no 
indication  of  a  transition  in  tests  extending  out 
to  >200  and  >910  days  respectively.  Biswasl^ 
has  also  reported  tensile  static  fatigue  tests 
with  no  transition  of  polyimide  coated  fibers  in 
80°C  distilled  water,  but  the  test  durations 
were  not  as  extensive  as  those  reported  here. 

Small  changes  in  the  chemistry  of  the 
coatings  can  apparently  have  dramatic  effects 
in  inhibiting  the  fatigue  transition.  For 
example,  Hiskes  et  reported  test  data  on  a 

fiber  with  a  polydimethyl  siloxane  coating. 
Fiber  samples  1  m  in  length  wound  on 
mandrels  and  immersed  in  98°C  water  showed 
a  transition  in  the  static  fatigue  in  about  10 
hours.  In  Table  2  and  Figure  3,  data  are  shown 
for  two  other  silicone  coated  fibers.  Both  the 
Raychem  and  the  Sumitomo  fiber  coatings  were 
methyl-phenyl  silicones,  and  in  both  cases  the 
transition  was  greatly  inhibited  compared  to 
the  dimethyl  silicone  coated  fiber.  This  slight 
change  in  functionality  results  in  an  impressive 
difference  in  the  time  of  the  transition,  230 
days  for  the  Sumitomo  fiber  and  >1500  days 
for  the  Raychem  fiber.  Note  that  Sumitomo 
fiber  did  not  show  a  transition  until  almost  1 
year  of  testing.  A  second  example  is  provided 
by  the  Ensign-Bickford  HCS  fiber.  The 
fluoroacrylate  functionality  of  this  fiber 


TABLE  2.  Summary  of  the  Static  Fatigue  Behavior  of  Various 
Non-Acrylate  Polymer  Coated  Fibers. 


Fiber 

Test  Environment 

Transition  Time 

In  (time,  seconds) 

Stress  Corrosion 
Constant,  n 

Ensign  Bickford  HCS 

80'’C  Water 

16.9  (-t-0.9/-0.9)a 

Raychem  Polyimide 

80°C  Water 

>18.0 

Raychem 

Polyimide/Silicone 

80°C  Water 

>18.2 

28  (+2.0) 

Raychem  Silicone 

SO^C  Water 

>18.7 

Sumitomo  Silicone 

80°C  Water 

■pnrxsRisiinEii^H 

36  (±3.0)  1 

^  Estimate  of  the  uncertainty  in  the  transition  time. 

^  Standard  error  of  the  estimate  in  n  from  linear  regression. 
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inhibits  the  transition  compared  to 
conventional  polyurethane  acrylate.  Lastly, 
Yuce  et  have  also  concluded  that  subtle 

changes  in  the  coating  chemistry  can  have  an 
enormous  effect  on  fiber  aging  behavior. 
However,  they  did  not  identify  the  nature  of 
the  coating  changes. 

An  alternative  approach  to  inhibiting  or 
eliminating  the  fatigue  transition  is  to  modify 
the  surface  of  the  fiber  cladding.  Figure  4 
shows  two-point  bending  static  fatigue  data  for 
two  generations  of  Corguide  fibers  with  TiOi 
dopant  in  the  cladding  surface.  The  earlier 
developmental  High  Fatigue  Resistant 
Composition  (HFRC)  fiber  with  CPC3  coating  was 
followed  by  the  commercialized  TITAN  fiber 
with  CPC5  coating.  Table  1  shows  that  this 
dopant  is  very  effective  in  increasing  the  short 
term  fatigue  resistance.  The  static  stress 
corrosion  constant  n  of  Corguide  1528  with 
CPC3  coating  is  30,  that  of  the  HFRC  fiber,  also 
with  CPC3  coating,  is  about  100.  Changes  in  the 
glass  composition  are  also  effective  in  changing 
the  time  of  the  fatigue  transition.  The  HFRC 
fiber  with  CPC3  coating  showed  the  possible 
start  of  a  fatigue  transition  after  620  days  in 
80°C  water.  On  the  other  hand,  the  TITAN  fiber 
with  CPC5  coating  showed  a  transition  after 
about  62  days  in  the  same  environment.  As 
discussed  above,  there  was  no  difference  in  the 
time  of  the  transition  for  pure  silica  cladding 
fibers  (Corguide  1528)  with  CPC3  or  CPC5 
coatings.  Thus,  we  deduce  that  a  possible  cause 
of  the  difference  in  fatigue  behavior  between 
the  HFRC  and  TITAN  fibers  is  a  change  in  the 
level  of  titania  doping  in  the  cladding. 
Glaesemann  et  have  reported  dynamic 

fatigue  n  values  as  a  function  of  TiOi  weight  %. 
The  dynamic  n  value  was  found  to  increase 
linearly  with  TiOa  concentration  up  to  about  10 
wt.  %.  Above  this  level,  the  dynamic  n 
increased  at  a  far  faster  rate. 


Summary 

Two-point  bending  static  fatigue  data 
have  been  obtained  on  commercially  available 
and  laboratory  drawn  optical  fibers  with  a 
variety  of  polymeric  coatings:  u.v. -cured 
acrylates,  polyimides  and  silicones.  Also  tested 
were  acrylate  coated  fibers  whose  cladding 
surface  composition  was  modified  by  doping 
with  Ti02.  The  static  fatigue  transition. 


representing  an  accelerated  fatigue  behavior  at 
long  times  and  moderate  stress  levels,  can  be 
dramatically  inhibited  by  the  choice  of 
polymeric  coating.  Changes  to  the  coating 
chemistry  such  as  the  addition  of  fluorine 
functional  groups  to  u.v. -cured  acrylates  or 
phenyl  functional  groups  to  thermally  cured 
silicones  can  inhibit  and  possibly  eliminate  the 
transition.  The  short  term  static  fatigue 
resistance  of  fibers  can  also  be  significantly 
increased  by  titania  doping  of  the  cladding 
surface.  The  static  fatigue  transition  time 
appears  to  be  a  function  of  the  doping  level. 
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In  (time,  sec)  In  (time,  see) 


stress  (GPa) 

1.5  2.0  3.0  4.0 


Figure  1.  Static  fatigue  data  in  two- 
point  bending  of  polyurethane 
acrylate  coated  fibers,  in  80°C  water. 


O  Coming  1508,  CPC2 

•  Coming  1528,  CPC3 
A  Sumitomo 

*  Raychem 


stress  (GPa) 
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Figure  2.  Static  fatigue  data  in  two- 
point  bending  of  polyurethane 
acrylate  coated  fibers,  in  85°C  water. 


O  Coming  1528  CPC3 

•  Coming  1528  CPC5 

♦  AT&T  D-Lux  100 

A  AT&T  (Pre-D-Lux  100) 
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Figure  3.  Static  fatigue  data  in  two- 
point  bending  of  fibers  with  other 
polymeric  coatings,  in  80°C  water. 
Data  points  with  arrows  represents 
tests  which  were  terminated  with  no 
fiber  failures. 


•  Raychem  Polyimide 
Raychem  VSI 
O  Raychem  Silicone 
A  Sumitomo  Silicone 
A  Ensign  Bickford  HCS 


stress  (GPa) 
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Figure  4.  Comparison  of  static 
fatigue  data  in  two-point  bending  of 
pure  silica  clad  and  titania  doped 
clad  fibers,  in  80°C  water. 


+  Coming  HFRCCPC3 
O  Coming  1528  CPC3 
A  Coming  TITAN  CPC5 
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Abstract 

The  flaws  in  optical  fiber  of  greatest  reliability  risk  are  those 
below  the  high  strength  region.  The  fatigue  behavior  of 
proof  stress  size  flaws  is  similar  to  that  of  flaws  in  the  high 
strength  region.  The  strength  of  such  flaws  after  aging  in 
80°C  water  is  markedly  different  than  that  of  pristine  fiber 
surfaces.  Whereas  pristine  fiber  surfaces  degrade  in  strength 
with  aging,  large  flaws  in  fiber  actually  increase  in  strength 
with  aging.  The  risk  of  mechanical  failure  for  fiber  in  most 
applications  is  governed  primarily  by  the  fatigue  and  aging 
behavior  of  relatively  large  flaws. 


Introduction 

In  a  previous  study,  a  nearly  400  km  fiber  strength 
distribution  was  statistically  scaled  for  failure  probability 
predictions  for  a  range  of  fiber  lengths  in  tension  and 
bending.!  The  predicted  distributions  for  the  case  of  bending 
are  replicated  in  Figure  1.  Not  surprisingly,  for  long  lengths 
in  tension  or  bending,  such  as  those  found  in  typical  stranded 
cable  designs,  the  probability  of  encountering  a  flaw  near  the 
proof  stress  level  is  high.  Of  particular  interest  are  typical 
short  length  applications  where  it  is  usually  assumed  only 
pristine  fiber  is  stressed.  By  way  of  example,  consider  a 
typical  splice  enclosure  where  approximately  one  meter  of 
fiber  is  stored  in  bending.  The  strength  distribution 
appropriate  for  this  situation  is  shown  in  Figure  1.  For  a 
common  failure  probability  requirement  of  lO-*  to  10-^,  the 
flaws  of  greatest  risk  can  be  as  low  as  70  kpsi  in  strength  and 
are  significantly  weaker  than  the  strength  of  pristine  fiber  (> 
500  kpsi).  Therefore,  regardless  of  the  application,  the 
fatigue  and  aging  behavior  of  these  flaws  must  be  understood 
in  order  for  engineers  to  make  accurate  reliability  predictions. 
The  purpose  of  this  paper  is  to  present  data  on  the  aging  and 
fatigue  tehavior  of  flaws  near  die  proof  stress  level. 

Background 

Aging  of  optical  fiber. 

The  aging  of  fiber  in  harsh  environments  has  received  much 
attention  in  the  last  few  years.  Strength  degradation  of 
pristine  optical  fibers  after  exposure  to  hot  water  has  been 
well  documented.  For  example.  Figure  2  shows  the  results 
of  Matthewson  and  Kurkjian^  where  pristine  silica-clad  fiber 
was  strength  tested  in  2-point  bending  after  a^g  in  100°C 
water.  Tte  stren^  degradation  with  aging  time  was 
attributed  to  the  dissolution  of  the  silica  surface.  For  a 
pristine  fiber  surface,  as  found  on  short  test  lengths,  aging 
results  in  surface  roughening  and  strength  degradation.^  This 
phenomenon  is  one  of  flaw  introduction  for  pristine  fiber 
surfaces. 


What  about  the  aging  of  extrinsic  flaws  in  optical  fiber,  since 
they  are  the  ones  of  greatest  reliability  risk?  Little  data  exists 
on  the  aging  of  the  lower  strength  region  of  optical  fiber 
strength  distributions  due  to  difficulty  in  finding  such  flaws 
with  typical  strength  testing  equipment.  However,  strength 
increases  with  aging  time  have  bran  reported  for  bulk  silica 
glass.^'5  Strength  of  both  abraded  and  indented  silica  glass  is 
plotted  in  Figure  3  versus  aging  time  in  silicic  acid  and  water 
at  90°C.  With  the  exception  of  indentation  cone  cracks 
strength  increases  of  25  to  35%  were  measured.  Ito  and 
Tomozawa'*  attributed  the  strength  increase  of  abraded  silica 
glass  to  a  change  in  the  crack  tip  morphology  best  described 
by  "rounding".  Rounding  of  the  crack  tip  leads  to  a  strength 
increase  because  it  lowers  the  stress  intensity  factor  over 
sharp  cracks.  Marshall  and  Lawn^  argued  that  a  strength 
increase  during  aging  is  caused  by  relieving  of  localized 
residual  stresses  generated  by  the  indentation  or  abrasion 
event.  They  illustrated  their  point  by  showing  that  the 
strength  increase  for  indentation  cone  cracks,  produced  by 
sphere  on  flat  glass,  is  negligibly  small.  Cone  cracks  are 
produced  by  purely  elastic  deformation  and  do  not  have  an 
associated  residu^  stress  field.  In  this  study  we  will  attempt 
to  provide  some  understanding  of  the  aging  behavior  of  flaws 
near  typical  proof  stress  levels  on  silica-clad  optical  fiber. 

Fatigue  of  optical  fiben 

figure  4  is  a  plot  of  the  fatigue  parameter  n  versus  fracture 
strength  for  silica-clad  fibers  and  bulk  silica  glass.  The  data 
and  references  for  Figure  4  are  summarized  in  Table  1.  This 
plot  is  similar  to  that  found  in  reference  6  with  the  exception 
that  the  data  here  is  confined  just  to  silica  fiber  and  bulk  silica 
glass.  The  fatigue  parameter  n  for  as-received  silica-clad 
fiber  is  approximately  20  down  to  strength  levels  as  low  as 
100  kpsi.  The  exceptions  are  n  values  greater  than  25  where 
extremely  slow  dynamic  fatigue  stressing  rates  were  used. 
Bulk  silica  glass  clearly  has  n  values  greater  than  high 
strength  fiber.  Of  particular  interest  are  two  studies^b-H 
where  abraded  fibers  with  strengths  less  than  100  kpsi 
demonstrated  n  values  approaching  bulk  silica  glass  as  shown 
in  Figure  4.  It  appears  then  that  there  is  a  transition  to  higher 
n  values  for  fiber  strengths  below  100  kpsi. 

Several  researchers  have  argued  that  the  transition  to  higher  n 
values  with  lower  strengths  is  a  fundamental  transition  in 
flaw  geometry  from  a  mere  surface  impression  to  a  more  well 
defined  "Griffith"  type  flaw.!b'2l>22  The  technique  used  to 
create  model  flaws  in  bulk  silica  glass  and  optical  fiber  is  that 
of  indentation,  where  flaws  are  introduced  onto  the  glass 
surface  using  a  diamond  microhardness  indenter.^l  Results 
from  this  technique  are  shown  in  Figure  5  where  the  strength 
of  indentation  flaws  on  fiber  and  bulk  silica  glass  is  plotted 
versus  indentation  size.  The  transition  to  a  more  well-defined 
crack  system  at  an  indentation  size  between  10  and  30 
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microns  is  described  as  moving  from  a  surface  impression 
(subthreshold)  to  a  flaw  with  well  defined  radial  cracks 
emanating  from  the  impression  (postthreshold)  and  is 
characterized  by  a  significant  drop  in  strength.  The  localized 
residual  stress  that  accompanies  indentation  flaws  is  believed 
to  play  a  crucial  role  in  the  subcritical  growth  or  fatigue  of 
such  flaws  by  assisting  in  the  growth  with  the  end  result  that 
subthreshold  flaws  have  a  lower  measured  n  (20)  than 
postthreshold  flaws  (30).’*'  This  is  shown  in  Figure  6 
where  measured  n  values  are  plotted  versus  indentation  load 
from  reference  15.  Postthreshold  flaws  without  the  influence 
of  residual  stress  have  measured  n  values  near  40. 

Comparing  the  fatigue  values  in  Figure  4  with  the  strength 
values  in  Figure  5  suggests  that  the  indentation  flaws  near 
100  kpsi  are  subthreshold  in  form  and  that  the  abrasion  flaws 
on  fiber  near  50  kpsi  behave  as  postthreshold  flaws  without 
residual  stress. 

It  has  been  stated  that  the  residual  stress  effect  on 
subthreshold  flaws  does  not  account  for  the  n  of  20  for  flaws 
in  the  high  strength  region  since  the  near  perfect  as-drawn 
fiber  surface  is  not  beUeved  to  contain  regions  of  concentrated 
residual  stress.2  Also,  it  has  been  postulated  that  the 
localized  residual  stress  on  proof  stress  level  flaws  stimulates 
radial  cracks  to  unexpectedly  transition  from  subthreshold  to 
postthreshold,  i.e.,"pop-in",  during  in-service  use;  and 
therefore,  the  ultimate  reliability  of  fiber  is  ultimately 
controlled  by  crack  "pop-in"  and  not  subcritical  growth  of 
pre-existing  flaws.23  This  report  will  attempt  to  provide 
additional  fittigue  data  and  understanding  of  flaws  in  this 
strength  region. 

Experimental  Details 

Aging. 

To  examine  aging  behavior  of  extrinsic  flaws  in  optical 
fibers,  125  fim  fibers  were  first  mechanically  abraded  during 
the  drawing  process  by  intentionally  touching  the  fiber  with 
an  uncoated  150  |tm  fiber  just  before  applying  a  250  pm  dual 
acrylate  coating.  The  resulting  flaws  from  this  abrasion 
procedure  are  believed  to  be  more  similar  to  that  of  blunt 
indentation,  as  with  the  cone  indenter  for  bulk  silica  in  Figure 
3.  The  draw-abraded  fibers  were  aged  in  80°C  water 
buffered  to  pH  7  for  up  to  60  days.  Strength  testing  of  the 
aged  fiber  was  performed  under  uniaxial  tension  in  45% 
relative  humidity  and  23°C  using  a  gauge  length  of  0.5 
meters.  A  strain  rate  of  70  %/min.  was  used  to  minimize 
crack  growth  during  strength  testing.  Prior  to  strength  testing 
all  specimens  were  preconditioned  in  the  test  environment  for 
a  minimum  of  8  hours. 

Also  included  in  this  study  are  the  aging  results  from  the 
Honors  Thesis  by  Estep.24  Estep  abraded  fibers  after 
drawing  by  chemically  removing  a  one  inch  section  of 
polymer  coating,  dropping  30  grams  of  silica  particles  onto 
the  fiber  surface  from  a  height  of  9  cm,  and  recoating  the 
fiber  using  a  standard  fusion-splice  recoating  apparatus.  This 
abrasion  technique  is  believed  to  more  closely  replicate  the 
abrasion  or  sha^  indentation  surface  conditions  in  Figure  3 
than  that  of  blunt  indentation  cone  cracks.  The  aging 
condition  for  these  fibers  was  85°C  water.  The  strength 
testing  (n’oeedure  consisted  of  baking  the  fibers  at  60  C  and  a 
soft  vacuum  for  24  hours  and  subsequent  loading  to  failure  in 
less  than  15  seconds.  This  preconditioning  procedure  was 
intended  to  minimize  strength  degradation  during  the  tensile 
test. 


Fatigue. 

For  this  part  of  the  study  draw-abraded  fibers  were  prepared 
as  discussed  above.  Also,  post-draw  abraded  specimens 
were  prepared  using  an  abrasion  process  similar  to  Estep's^^. 
Fibers  from  both  abraded  surface  conditions  were  dynamic 
fatigue  tested  at  23°C  and  100%  RH  using  rates  of  0.4, 0.04, 
0.004,  and  0.0004%/min.  A  fiber  gauge  length  of  4  meters 
•vas  used  for  the  dynamic  fatigue  tests.  Also,  specimens  for 
fatigue  testing  were  preconditioned  a  minimum  of  2  hours  in 
100%  RH.  Fibers  from  both  surface  conditions  were  also 
aged  in  80°C  water  and  fatigue  tested  in  the  same  manner.  A 
minimum  of  10  specimens  per  strain  rate  was  used  for  all 
fibers.  For  some  of  the  aged  draw-abraded  fibers  a  fifth  rate 
of  0.00004%/min  was  also  used  to  investigate  any  curvature 
in  the  data,  but  the  resulting  strengths  did  not  depart  from  the 
best  fit  line  of  the  4  faster  rates. 

Results  and  di.scussinn 

Aging. 

Strength  distributions  from  the  draw-abraded  fibers  in  this 
study  and  the  post-draw  abraded  fibers  from  reference  24  are 
shown  in  Figure  7.  It  is  of  particular  interest  that  the 
strengths  produced  by  these  abrasion  techniques  are  greater 
than  that  needed  to  produce  post-threshold  flaws  according  to 
the  indentatiot!  results  in  Figure  5.  It  is  postulated  that 
indentation  flaws  model  the  large  flaws  in  optical  fibers.  It 
follows  that  the  flaws  with  strengths  shown  in  Figure  7  are 
believed  to  be  subthreshold  in  morphology. 

The  tensile  strength  of  the  aged  abraded  fibers  is  plotted 
versus  aging  time  in  Figure  8.  The  strength  of  both  abraded 
fiber  types  is  shown  to  initially  decrease  slightly  followed  by 
a  significant  increase  in  strength  to  values  significantly  greater 
than  their  initial  value.  For  example,  the  draw-abraded  fiber 
has  an  initial  strength  of  66  kpsi  and  after  150  days  of  aging 
the  strength  increases  to  106  kpsi.  The  post-draw  abraded 
fiber  of  fotep  starts  at  75  kpsi  and  increases  to  133  kpsi  after 
10  days,  a  value  nearly  twice  its  original  strength. 

It  is  interesting  that  the  post-draw  abraded  fiber  increased  in 
strength  more  rapidly  than  the  draw-abraded.  The  post-draw 
abraded  reaches  100  kpsi  in  10  days,  whereas,  the  draw- 
abraded  attains  100  kpsi  after  150  days.  One  explanation  for 
this  difference  is  that  the  higher  aging  temperature  for  the 
post-draw  abraded  fiber,  85°C  versus  80°C,  simply  causes 
the  aging  process  to  proceed  at  a  faster  rate.  This  is  unlikely 
since  the  published  activation  energies  of  45  to  75  kJ/moi, 
postulated  for  the  aging  process  at  these  temperatures,^ 
greatly  underestimate  the  observed  difference  in  rate. 

Another  possible  explanation  is  that  the  aging  behavior  is 
dependent  on  the  type  of  flaw  produced  by  the  abrasion 
method.  For  example,  recall  the  results  in  Figure  3  where 
cone  flaw  produced  by  blunt  indentation  responded  more 
slowly  to  the  aging  environment  than  abrasion  and  Vickers 
indentation.  It  was  speculated  earlier  that  draw-abrasion  is 
more  reflective  of  blunt  indentation  like  that  produced  by  a 
sphere  on  a  flat  plate,  whereas,  post-draw  particle  abrasion  is 
more  similar  to  sharp  indentation.  Clearly  more  research  is 
needed  to  better  understand  the  aging  differences  in  Figure  8, 
nevertheless,  the  strength  of  abraded  fiber  increased  with 
aging  time  irrespective  of  the  flaw  introduction  method  and 
aging  temperature. 

Fracture  mechanics  developed  for  modelling  localized 
residual  stresses  around  indentations  predicts  that  the 
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maximum  strength  increase  by  residual  stress  relief  is  twice 
its  original  value .25  Measured  strength  increases  for  abraded 
soda-lime  glass,  known  for  its  ability  to  retain  localized 
residual  stresses,  are  on  the  order  of  only  40%  when 
annealed  at  400°C  for  3  hours.26  Now  in  the  case  of  silica,  it 
is  well  known  that  the  level  of  residual  stress  retained  in  this 
anomalous  glass  as  a  result  of  surface  damage  is  much  less 
than  that  of  soda-lime  glass  due  to  densification  of  the  silica 
structure  during  abrasion.25,27,28  Silica  falls  far  short  of 
retaimng  the  residual  stress  needed  to  produce  a  doubling  in 
strengtli  ,;ftcr  aging.  Assuming  that  fracture  mechanics 
applies  to  the  damage  created  in  this  study,  the  two-fold 
increase  in  strength  of  the  post-draw  abraded  fiber  is  best 
explained  by  a  modification  of  the  crack  tip  geometry  by  a 
process  like  rounding.  It  is  speculated  that  Ae  smaller 
sttength  increase  of  the  draw-abraded  fiber  is  an  indication 
that  the  flaws  are  more  of  a  surface  impression,  a  geometry 
less  affected  by  aging. 

The  fact  that  abraded  fiber  strength  increases  with  aging  time 
suggests  that  if  the  abrasion  flaws  are  in  fact  subthreshold  in 
form,  they  do  not  transition  from  subthreshold  into 
posttiueshold  form.  The  transition  from  subthreshold  flaw  to 
postthreshold  is  characterized  by  the  emanation  of  radial 
cracks  from  the  impression  region  created  during  abrasion  or 
indentation.  Figure  5  shows  a  strength  decrease  of  nearly 
one  order  of  magnitude  over  this  transition.  The  abraded 
fibers  do  not  experience  this  transition  to  lower  strengths, 
rather  the  strength  increases  with  aging  time.  Also, 
considering  the  fact  that  the  aging  environment  in  this  study  is 
more  severe  than  that  experienced  by  fiber  in  most 
applications,  it  is  believed  that  proof  stress  level  flaws  in 
optical  fiber  are  not  at  risk  of  catastrophic  failure  from  radial 
crack  "pop-in".  Furthermore,  the  above  results  also  suggest 
that  fracture  mechanics  modeling  of  the  "pop-in"  event  may 
not  be  necessary  for  normal  fiber  proof  stress  levels. 

The  increase  in  abraded  fiber  strength  with  aging  time  is  in 
sharp  contrast  to  that  of  pristine  fiter  in  Figure  2  which 
degrades  in  strength  over  the  same  aging  period.  Evidence  of 
surface  roughening  has  been  recently  obtained  for  aged 
pristine  fiber  surfaces^  and  dissolution  of  silica  has  been  the 
most  common  explanation  for  the  formation  of  pits  on  the 
pristine  fiber  surface.2  This  phenomenon  of  silica  dissolution 
at  high  temperatures  is  the  same  argument  proposed  by  Ito 
and  Tomozawa4  for  the  strengthening  of  large  flaws. 
Whereas,  silica  dissolution  degrades  the  strength  of  pristine 
fiber  through  flaw  formation,  it  rounds  the  tip  of  preexisting 
flaws  leading  to  a  strength  increase.  Clearly,  the  concern 
over  the  aging  behavior  of  high  strength  fiber  cannot  be 
extended  to  flaws  near  the  proof  stress. 

It  also  is  worth  noting  that  the  variability  in  strength  appears 
to  increase  with  aging  time  and  higher  strengths  for  bod> 
abraded  fibers.  Estep24  suggests  that  this  increase  in 
variability  with  increasing  strength  is  a  further  indication 
crack  tip  rounding.  He  argues  that  one  would  expect  the 
overall  magnitude  of  the  flaw  depth  distribution  to  decrease 
with  rounding,  but  a  relative  difference  between  flaws  in 
specimens  to  remain. 

Fatigue. 

The  strength  distributions  of  draw  and  post-draw  abraded 
fibers  used  for  fatigue  testing  are  shown  in  Figure  9. 

Abrading  on  the  draw  provide  a  relatively  uniform  strength 
distribution  just  above  a  typical  proof  stress  level  of  SO  kpsi 
with  a  Weibull  modulus,  m,  of  13.  Post-draw  particle 


abr^ion  yields  a  distribution  of  strength  values  Just  below  50 
kpsi  and  modulus  of  9.  Figure  10  is  a  dynamic  fatigue  plot 
for  the  post-draw  abraded  fibers.  The  best  fit  line  through  all 
the  data  is  shown  and  the  calculated  n  value  of  20.4  was 
obtained.  A  similar  analysis  of  the  draw-abraded  fiber 
yielded  an  n  value  of  23.4.  The  results  from  dynamic  fatigue 
testing  draw-abraded  and  post-draw  abraded  fibers  are  plotted 
in  Figure  1 1  along  with  large  flaw  fatigue  data  from  Table  I. 
Also  included  in  Figure  1 1  is  fatigue  data  for  fiber  abraded  to 
20  kpsi.  The  error  bars  on  n  were  determined  from  the  95% 
confidence  interval  of  the  slope  of  the  best  fit  line  through  the 
dynamic  fatigue  data.  The  results  from  this  study  do  not 
agree  with  data  from  other  studies  on  fiber  abraded  to  50  kpsi 
where  n  values  equal  to  that  of  bulk  silica  glass  were 
measured.  Rather,  results  from  this  study  match  the  fatigue 
of  subthreshold  flaws  and  abraded  fibers  with  strengths  of 
100  kpsi. 

The  reason  for  the  difference  between  the  results  for  flaws 
near  50  kpsi  from  this  study  and  the  previously  published 
results  at  50  kpsi  is  not  clear.  However,  if  one  were  to  hold 
to  the  fracture  mechanics  framework  developed  for 
indentation  type  flaws,  the  50  kpsi  flaws  with  high  n  values 
would  be  postthreshold  in  form  and,  as  previously  discussed, 
the  flaws  in  this  study  are  subthreshold,  even  though  the 
strengths  are  the  same.  If  postthreshold  flaws  in  fiber  are 
possible,  then  one  would  expect  that  a  further  abrasion  of  the 
fiber  in  this  study  would  eventually  provide  such  a  flaw.  The 
achievement  would  be  marked  by  a  decrease  in  strength  and  a 
dramatic  increase  in  n  over  the  present  results  near  20.  To 
test  this  argument,  fibers  were  abraded  to  20  kpsi  using  the 
post-draw  particle  abrasion  method  and  the  fatigue  testing 
yielded  an  n  of  32.  This  data  point  is  shown  as  a  triangle  in 
Figure  11.  This  increase  in  n  from  23  to  32  is  the  same  as 
shown  in  Figure  6  for  the  transition  from  subthreshold  to 
postthreshold  flaws. 

The  dynamic  fatigue  behavior  of  the  50  kpsi  draw-abraded 
fiber  is  plotted  in  Figure  12  versus  aging  time  in  water. 
The  n  value  increases  from  an  initial  23  to  40  after  20  days  of 
aging,  but  with  further  aging  decreases  to  approximately  27. 
Due  to  the  significant  uncertainty  in  n  it  is  difficult  to 
determine  if  an  actual  increase  in  n  has  been  realized. 
Interestingly,  an  increase  in  n  from  23  to  27  is  approximately 
what  one  would  predict  from  residual  stress  relief  that  comes 
with  aging  of  subthreshold  flaws.29>30 

The  data  presented  on  n  of  aged  abraded  fiber  is  important 
because  it  enables  those  mal^g  reliability  predictions  to  have 
a  certainty  about  n  over  30  year  life  on  the  flaws  that  matter 
most;  namely,  those  near  the  proof  stress  level.  There  are 
two  reasons  for  this  statement.  First,  in  the  previous  section 
on  strength  after  aging  of  abraded  fiber  it  was  concluded  that 
one  need  not  be  concerned  about  strength  degradation  due  to 
phenomena  other  than  fatigue.  Secondly,  the  fatigue  data 
presented  here  shows  that  an  n  value  in  the  low  20s  is 
conservative  even  after  exposure  to  a  severe  aging 
environment. 

■Summary 

•  Flaws  produced  by  particle  abrasion  or  draw  abrasion  are  a 
convenient  means  for  examining  the  mechanical  behavior  of 
proof  stress  level  flaws. 

•  Large  flaws  in  silica-clad  optical  fiber  do  not  exhibit  the 
zeto-stress-aging  strength  degradation  found  on  pristine  fiber 
surfaces.  Results  confirm  a  process  of  strengthening  with 
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aging  attributed  to  a  modification  of  the  tlaw  tip  geometry. 

•  The  fatigue  behavior  of  large  flaws  is  at  least  maintained 
with  aging. 

•  The  mechanical  reliability  of  optical  fiber  is  best  served  by 
continued  study  of  the  large  flaw  region.  This  is  consistent 
with  failure  probability  requirements,  the  experimental 
findings  in  this  and  other  studies,  and  the  most  likely 
application  of  fiber  (cabling,  installation,  termination,  and 
long-term  life  of  long  fiber  lengths) 
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Table  I.  Summary  of  Fatigue  Data  for  Silica-Clad  fiber  and 
Bulk  Silica  Glass. 
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Figure  2.  Effect  of  Aging  on  the  Strength  of  Optical  Fiber. 
From  Ref.  2. 
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Figure  3.  Fracture  Strength  of  High  Silica  Glass  as  a 
Function  of  Aging  Time  in  90°C  Silicic  Acid.  From  Ref.  5. 
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Figure  1.  Failure  Probability  Predictions  for  Optical  Fiber  in 
Bending. 
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Figure  4.  Fatigue  Susceptibility  n  of  Silica.  References  and 
Data  in  Table  I. 
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Figure  5.  Strength  of  Indented  Silica-Clad  fibers  and  Bulk 
Silica  Glass. 
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Figure  8.  Strength  of  Abraded  Silica-Clad  Fiber  as  a 
Function  of  Aging  Time  in  80°C  Water. 
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Figure  6.  Plot  of  n  for  Indentation  Flaws  in  Silica. 
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Figure  9.  Sttength  of  Abraded  Silica-Clad  Fibers  for  Fatigue 
Testing. 
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Figure  10.  Dynamic  Fatigue  of  Post-Draw  Abraded  Silica- 
Clad  Fiber. 


Figure  7.  Strength  of  Abraded  Silica-Clad  Fibers. 
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Figure  11.  Fatigue  Susceptibility  n  of  Abraded  Silica-Clad 
Fibers. 
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Figure  12.  Effect  of  Aging  in  80°C  Water  on  n  of  Draw- 
Abraded  Silica-Clad  Fibers. 
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ABSTRACT 

The  effects  of  aging  on  the  mechanical  properties  of  optical  fiber 
have  been  widely  reported  [1-8].  Both  strength  degradation  and 
changes  in  coating  properties  have  been  observed  alter  optical  fiber 
has  been  aged  in  water  or  a  humid  environment  at  elevated 
temperatures  [2-8],  Although  fiber  aging  has  not  been  implicated  in 
many  field  failures,  one  particular  case  of  fiber  failure  was  reported  [9] 
that  was  attributed  to  exposing  an  unprotected  cable  reel  to  extreme 
environmental  conditions  for  almost  five  years.  This  failure  prompted 
a  broader  investigation  of  field  aged  optical  cable  (e.g.,  aerial, 
closures,  pedestals,  etc.).  In  this  paper,  we  report  the  results  of  an 
investigation  of  the  mechanical  properties  of  field-aged  optical  cable. 
More  than  twen^  cable  samples,  of  ages  2  to  9  years,  were 
investigated.  These  included  samples  from  unprotected  cable  reels, 
aerial  cables,  pedestals,  and  aerial  splice  closures.  Mechanical  and 
physical  measurements  on  the  fiber  specimens  showed  no 
significant  mechanical  degradation.  In  the  worst  case,  the  fiber 
strength  in  an  aerial  splice  closure  (seven  years  old)  was  measured  to 
be  about  18%  lower  than  that  of  unaged  cable  samples.  Some 
correla'ion  between  coating  strip  force  and  fiber  strength  was 
observed.  Atomic  force  microscopy  examination  of  the  fiber  samples 
showed  that  fiber  cables  exposed  to  typical  field  environments  are 
not  subjected  to  extreme  reliability  risk  except  in  isolated  cases 
where  severe  environmental  conditions  (e.g.,  steam  damage)  or 
highly  undesirable  coating  properties  are  encountered. 


1 .  INTRODUCTION 

There  are  four  possible  failure  mechanisms  that  may  affect  the 
performance  of  a  cabled  fiber  over  time.  First,  the  attenuation  of 
fibers  may  increase  due  to  the  presence  of  molecular  hydrogen 
[10-11]  or  exposure  to  high  doses  of  ionizing  radiation. 
Second,  fatigue  (time  delayed  failure  under  constant  or  varying 
load)  may  cause  fiber  breaks  to  occur  years  after  the  cable  is 
installed  [12],  To  minimize  such  breaks,  fibers  must  be 
screened  at  sufficiently  high  proof  test  levels  to  eliminate  low 
strength  flaws.  The  cable  structure  is  generally  designed  to 
maintain  the  fibers  tension  free  in  the  installed  cable  and  to 
maintain  a  sufficient  radius  of  curvature  to  minimize  bending 
stresses.  Consequently,  this  failure  mechanism  is  unlikely  to 
occur  with  properly  designed  cable  structures.  The  third  failure 
mechanism  is  thermal  aging  of  the  cable  structure  and  fiber 
coating,  which  can  lead  to  microbending-induced  attenuation 
increases  [13].  Cable  materials,  therefore,  have  to  be  selected 
and  the  structure  optimized  such  that  dimensional  cable  changes 
expected  over  time  do  not  increase  fiber  loss.  In  the  final  failure 
mechanism,  exposure  of  a  fiber  in  the  cable  to  a  high 
temperature/high  humidity  conditions  in  the  absence  of  stress 
can  reduce  its  strength  [9].  This  is  known  as  zero-stress  aging. 

The  underlying  mechanism  of  glass  failure  under  static  fatigue 
conditions  has  been  well  documented  [  14].  But  the  reasons  for 
loss  of  strength  of  glass  fibers  under  zero-stress  aging  are  still 


under  study.  Proposed  degradation  mechanisms  include 
absorption  of  water  molecules  on  the  surface,  which  promote 
crack  growth  during  subsequent  stressing  [15]  and  corrosive 
reactions  leading  to  surface  flaws  [1-8],  which  can  act  as  nuclei 
for  cracks.  The  surface  reactivity  of  silica-based  glasses  in 
different  environments  determines  the  ultimate  strengdi  of  these 
materials  because  of  its  effect  on  crack  tip  growth. 

The  effect  of  low  or  zero-stress  aging  of  optical  fibers  is  of 
considerable  importance  in  cables  or  in  splice  cases  because 
fibers  can  encounter  high  humidity  and  high  temperatures  (e.g., 
in  pedestals  and  aerial  cables)  or  other  chemical  species  such  as 
water  (e.g.,  in  manholes)  which  can  degrade  fiber  strength. 
These  aged  fibers  may  then  be  subsequently  stressed  during 
routine  maintenance  or  other  craft  activity.  The  effect  of  zero- 
stress  aging  on  the  mechanical  reliability  of  optical  fibers  is 
therefore  an  important  consideration  in  any  cable  installation. 

In  this  study,  we  investigate  the  mechanical  properties  of  fiber 
specimens  taken  from  aged  optical  cable  samples  to  assess  the 
risk  of  exposing  optical  cables  to  typical  field  environments. 
More  than  twenty  cable  samples  of  ages  2-9  years  were  collected 
for  this  study.  These  included  unprotected  spare  cables  from 
cable  yards,  cable  sections  removed  from  aerial  cables  and 
pedestal  installations,  and  fiber  samples  from  seven  aerial  splice 
closures.  The  study  included  the  full  mix  of  cable  structures 
(buffer  tube,  slotted  core,  and  core  tube)  and  fiber  designs.  The 
fiber  samples  collected  from  the  field-exposed  splice 
closures/cables  and  pedesdals  were  studied  to  determine  the 
effect  of  the  environment  on  long-term  mechanical/physical 
reliability  of  fibers  (fiber  strength,  fatigue,  and  fiber  coating 
properties).  The  mechanical  properties  of  the  aged  fibers  were 
compared  with  those  of  unaged  fibers  from  the  same  vendor  and 
vintage  whenever  possible. 


2.  MECHANICAL  CHARACTERISTICS  OF 
FIELD  AGED  FIBERS 

2.1  Experimental 

A  computer  controlled,  two- point  bending  apparatus  [16,17] 
was  us^  to  determine  the  strength  and  dynamic  fatigue  behavior 
of  unaged  and  aged  fibers.  The  test  apparatus  consists  of  two 
parallel  platens,  one  fixed  and  one  moving,  between  which  a 
fiber  loop  is  bent  until  it  breaks,  as  shown  in  Figure  1.  The 
moving  platen  is  driven  by  a  computer  controlled  stepper  motor, 
the  rate  of  closure  can  be  varied  so  that  the  maximum  stress  in 
the  fiber  loop  changes  at  a  constant  rate.  Fiber  failure  is  sensed 
by  an  acoustic  tran^ucer  which  signals  the  computer  to  stop  the 
moving  platen  and  record  the  platen  separation  at  failure.  The 
stress  at  failure  is  calculated  from  the  platen  separation,  the 
elastic  modulus  of  the  glass,  and  the  dimensions  of  the  fiber. 
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Because  the  effective  gage  len^h  is  small  [18],  the  probability  of 
stressing  a  fiber  section  containing  a  large  flaw  is  also  small,  so 
the  test  results  tend  to  be  uniform  and  unimodal.  Bending  tests 
were  conducted  at  a  range  of  stress  rates  (60,  6,  0.6,  and  0.06 
MPa/second)  so  that  the  dynamic  fatigue  behavior  could  be 
characterized.  The  experiments  were  conducted  in  a  laboratory 
environment  of  23  °C  and  50%  relative  humidity  (RH).  For 
each  case  and  stress  rate,  21  samples  were  tested. 

To  determine  the  coating  integrity  after  field  aging,  the  coating 
strip  force  was  measured.  The  force  required  to  strip  the  coating 
was  measured  using  a  commercial  stripping  tool  mounted  on  a 
screw-driven  universal  tensile  testing  machine.  The  gage  length 
of  the  stripped  section  was  1.2  inches  and  the  test  was 
conducted  at  the  rate  of  20  in/min.  The  experiments  were 
conducted  in  a  laboratory  environment  of  23  °C  and  50%  RH. 
We  tested  1 1  fibers  for  each  set  of  samples. 

A  commercial  atomic  force  microscope  (AFM)  was  used  to 
examine  the  surfaces  of  the  aged  and  unaged  fibers  at 
magnifications  up  to  several  million  times.  The  AFM  allowed  us 
to  make  direct  observations  of  any  surface  imperfection  caused 
by  aging.  The  AFM  has  a  very  sharp  tip,  a  few  atoms  wide  at 
the  end,  attached  to  a  micro-cantilever  arm  (Figure  2)  that  is  on 
the  order  of  l(X)-200  microns  long.  The  tip  is  brought  into 
contact  with  a  sample  and  is  scanned  across  the  surface,  usually 
in  a  raster  pattern.  The  deflection  of  the  cantilever  is  monitored 
as  the  tip  is  scanned.  The  deflection  signal  is  used  in  a  feedback 
loop  to  control  the  tip  heights.  In  our  unit,  the  scanning  is 
accomplished  with  a  piezoelectric  tube  scanner.  The  data  can  be 
acquired  by  measuring  the  cantilever  deflection  signal  as  the  tip 
is  scanned,  or  by  adjusting  the  height  of  the  tip  using  feedback 
to  maintain  a  constant  cantilever  deflection  signal.  In  our  AFM, 
the  deflection  signal  is  produced  by  focusing  the  output  of  a 
laser  diode  on  a  spot  on  the  back  side  of  the  cantilever  and 
measuring  the  reflected  light  from  this  spot  with  a  photodetector. 
The  polymer  coating  on  the  fiber  was  removed  before  AFM 
examination  by  dipping  the  fiber  briefly  in  hot  (2(X)°  C)  sulfuric 
acid  and  rinsing  in  distilled  water.  In  order  to  insure 
representative  results,  a  number  of  samples  from  each  cable  or 
splice  closure  were  used.  Each  sample  was  also  examined  with 
at  least  two  different  AFM  tips,  minimizing  the  possibility  of 
misinterpreting  tip-induced  artifacts  in  the  images. 

2.2  Results  and  Discussions 
2.2.1  Dynamic  [Two-Point  Bending]  Strength 
The  strength  data  for  two-point  bending  plotted  in  Figure  3 
show  a  good  fit  to  a  WeibuU  distribution  of  the  form; 


F  = 


(1) 


In  this  equation,  F  is  the  cumulative  probability  of  failure  at  a 
stress  less  than  or  equal  to  (J;  CTq  and  mj  are  empirical 
distribution  parameters.  The  values  of  the  Weibull  exponent  m<j 
and  the  median  strength  (F=0.5)  for  two-point  bending  tests  are 
summarized  in  Table  1.  No  extreme  degradanon  was  observed 
among  the  field  aged  samples.  The  worst  degradation  occurr^ 
in  splice  closure  #  7  and  cable  #  7,  in  which  the  fiber  strengths 
were  about  18%  and  14%,  respectively,  lower  than  those  of 
unaged  samples.  We  also  observed  lower  fiber  strength  in  splice 
closures  than  in  cables.  This  is  attributed  to  the  higher 
temperatures  and  humidities  that  closures  niay  experience.  For 
comparative  purposes,  the  results  from  earlier  studies  [9]  (i.e., 
the  unprotected  cable  reel  and  steam  exposed  cable)  are  also 
included  in  Table  1.  Clearly,  the  decrease  in  fiber  strength 
appears  to  be  correlated  to  the  severity  of  environmental 


exposure  and  cables  that  are  exposed  to  higher  temperatures  and 
humidities  obviously  influence  the  trends  of  strengdi  reduction. 

2.2.2  Dynamic  (Two-Point  Bending)  Fatigue 

In  Table  2,  dynamic  fatigue  (two-point  bending)  results  for  fiber 
samples  taken  from  different  cable  samples  are  summarized. 
Assuming  that  the  rate  of  growth  of  flaws  in  the  presence  of 
stress  depends  upon  the  stress  intensity  factor  at  the  tip  of  the 
flaws  raised  to  a  power  n,  then  it  can  be  shown  that  the  failure 
stress  is  related  to  the  rate  of  stressing  O  by: 

1 

a  =  Ba"d'*‘*  (2) 

where  n^  is  a  “fatigue  parameter”,  i.e.,  the  crack  growth 

exponent  associated  with  the  power  law  dependence  of  the  crack 
growth  rate,  and  B  is  an  experimental  parameter.  The  effects  of 
aging  conditions  on  the  values  of  n^  are  well  documented  [3,7]. 

In  this  study,  no  significant  change  in  the  fatigue  parameter  was 
observed  in  ^e  field  aged  samples. 

2.2.3  Coating  Behavior 

The  coating  stripping  test  was  performed  on  fiber  samples  from 
each  layer  of  the  cable.  The  strip  force  results  are  summarized 
in  Table  3  which  shows  a  general  decrease  in  strip  force  in  field- 
aged  samples.  We  observed  some  correlation  between  coating 
adhesion  and  fiber  strength  (see  Tables  1  and  3).  The  worst 
degradation  again  occurred  in  splice  case  #  7  and  cable  #  7.  In 
this  sample  there  was  almost  no  coating  adhesion  to  the  glass 
making  it  difficult  for  the  fiber  to  be  handled  by  a  craft  person. 
We  also  observed  lower  strip  force  in  splice  closures  than  in 
cables.  This  degradation  is  attributed  to  higher  temperatures  and 
moisture  that  closures  may  experience. 

2.2.4  Glass  Behavior 

A  series  of  AFM  images  of  some  of  the  aged  and  unaged  fibers 
are  shown  in  Figures  4-7.  Figure  4  shows  a  typical  roughness 
observed  on  the  surface  of  unaged  fibers.  The  surface  of 
unaged  fibers  can  be  characterized  as  having  pits  -0. 1-1.5  nm‘ 
across  with  a  depth  of  -0.1-2  nm.  In  contrast,  the  surface  of  the 
steam  aged  fibers  (Figure  7)  showed  a  corrugation  amplitude  of 
-100-130  nm  with  features  100-200  nm  across.  The  relative 
surface  roughness  can  be  put  on  a  more  quantitative  basis,  as 
given  in  Table  4,  by  measuring  the  maximum  value  of  flaw 
depth  obtained  from  the  AFM. 

Figures  5  and  6  show  surface  profiles  of  the  fibers  aged  in  splice 
closure- 1  and  splice  closure-7.  The  median  strengA  values  for 
fibers  from  both  cables  and  aerial  closures  are  shown  in  Figure  8 
as  a  function  of  the  depth  of  surface  roughness  obtained  from 
the  AFM.  This  figure  shows  that  the  degree  of  surface 
roughness  of  the  aged  fibers  is  consistent  with  the  strength 
results  of  Table  1,  as  expected  [4-8].  The  roughness  of  the 
fibers  increased  with  increasing  exposure  to  the  hostile 
environment,  with  the  most  dramatic  roughening  occurring  in 
the  fiber  samples  that  were  aged  in  high  temperatures  and 
moisture  (i.e,  steam). 


'  1  nm  =  10'^  cm  =  3.94x10"^  in. 
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Table  1  -  Summary  of  Strength  [Two-Point  Bending]  Test 


SAMPLES 

AGING 

UNAGED 

AGED 

D" 

FROM 

TIME  (yrs) 

O(ksi) 

™d 

O  (ksi) 

tHd 

% 

Aerial  Cable- 1 

7 

673 

69 

645 

57 

4 

Aerial  Splice  Closure- 1 

7 

673 

69 

616 

48 

8 

Aerial  Cable-2 

7 

685 

66 

651 

47 

5 

Splice  CIosure-2 

7 

685 

66 

635 

44 

7 

Aerial  Cable-3 

7 

N/A* 

- 

672 

57 

- 

Aerial  Splice  Closure-3 

7 

- 

- 

655 

46 

- 

Aerial  Cable-4 

7 

669 

62 

641 

54 

4 

Aerial  Splice  CIosure-4 

7 

669 

62 

627 

48 

6 

Aerial  Cable-5 

7 

611 

58 

589 

46 

4 

Aerial  Splice  Closure-5 

7 

611 

58 

576 

40 

6 

Aerial  Cable-6 

7 

635 

54 

587 

51 

8 

Aerial  Splice  Closure-6 

7 

635 

54 

584 

40 

8 

Aerial  Cable-7 

7 

570 

78 

502 

34 

14 

Aerial  Splice  CIosure-7 

7 

570 

78 

484 

25 

18 

Aerial  Cablc-8 

5 

621 

69 

606 

61 

2 

Buried  Cable- 1 

9 

678 

61 

657 

55 

3 

Buried  Cable-2 

3 

710 

78 

702 

74 

1 

Pedestal- 1 

2 

724 

82 

709 

75 

2 

Pedestal-2 

3 

710 

78 

699 

71 

2 

Submarine  Cable 

3 

725 

79 

719 

70 

1 

4 

Splice  Closure  from  manhole 

7 

645 

56 

550 

39 

14 

Unprotected  Cable  Reel* 

5 

685 

66 

326 

14 

52 

Steam  Exposed  Cable* 

2 

685 

66 

102 

3 

85 

‘  Strength  degradation  of  the  field  aged  fibers  [relative  compared  to  unaged  fiber] 
’  Fiber  samples  from  the  same  vintage  vendor  were  not  available. 

*  Splice  case  was  filled  with  water.  Exact  date  of  water  entrance  is  not  known. 

» From  reference  9. 
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Table  2  •  Summary  of  Dynamic  Fatigue 
[Two-Point  Bending]  Tests 


Samples  From 

"d 

"d 

[Unaged] 

[Aged] 

Aerial  Cable- 1 

21 

21 

Aerial  Cable-2 

19 

20 

Aerial  Cable-3 

N/A 

22 

Aerial  Cable-4 

20 

20 

Aerial  Cable-5 

18 

18 

Aerial  Cable-6 

20 

22 

Aerial  Cable-7 

21 

21 

Aerial  Cable-8 

19 

19 

Buried  Cable- 1 

19 

19 

Buried  Cable-2 

19 

19 

Pedestal- 1 

21 

21 

Pedestal-2 

20 

19 

Submarine  Cable 

22 

21 

Splice  Closure  from  manhole 

19 

19 

Unprotected  Cable  Reel 

19 

23 

Steam  Exposed  Cable 

19 

25 

Table  3  -  Summary  of  Median  Coating  Strip  Force 

Strip  Force 

Strip  Force 

Samples  From 

[Unaged],  Iby 

[Aged],  Iby 

Aerial  Cable- 1 

1.06 

0.95 

Aerial  Splice  Closure- 1 

1.06 

0.81 

Aerial  Cable-2 

1.16 

0.88 

Splice  Closure-2 

1.16 

0.91 

Aerial  Cable-3 

N/A 

1.23 

Aerial  Splice  Closure-3 

N/A 

1.06 

Aerial  Cable-4 

1.35 

0.65 

Aerial  Splice  Closure-4 

1.35 

0.66 

Aerial  Cable-5 

1.23 

0.78 

Aerial  Splice  Closure-5 

1.23 

0.72 

Aerial  Cable-6 

1.08 

0.73 

Aerial  Splice  Closure-6 

1.08 

0.60 

Aerial  Cable-7 

0.90 

0.12® 

Aerial  Splice  Closure-7 

0.90 

0.08 

Aerial  Cable-8 

0.95 

0.91 

Buried  Cable- 1 

0.70 

0.45 

Buried  Cable-2 

0.83 

0.66 

Pedestal- 1 

1.10 

0.91 

Pedestal-2 

0.85 

0.69 

Submarine  Cable 

0.77 

0.70 

Splice  Closure  from  manhole 

0.89 

0.38 

Unprotected  Cable  Reel 

1.08 

0.62 

Steam  Exposed  Cable 

1.08 

- 

Table  4  -  Summary  of  Maximum  Value  of  Surface 
Roughness  Height  Obtained  from  the 


AFM  Measurements 

Median 

Roughness 

Height 

Samples  From  [Unaged],  nm 

Median 
Roughness 
Height 
[Aged],  nm 

Aerial  Cable- 1 

1.1 

1.8 

Aerial  Splice  Closure- 1 

1.1 

2.2 

Aerial  Cable-2 

1.4 

2.9 

Splice  Closure-2 

1.4 

3.3 

Aerial  Cable-3 

N/A 

3.1 

Aerial  Splice  Closure-3 

N/A 

3.4 

Aerial  Cable-4 

1.2 

3.9 

Aerial  Splice  Closore-4 

1.2 

4.1 

Aerial  Cable-5 

1.7 

5.7 

Aerial  Splice  Closure-5 

1.7 

5.8 

Aerial  Cable-6 

1.5 

5.2 

Aerial  Splice  Closore-6 

1.5 

5.9 

Aerial  Cable-7 

1.9 

10.1 

Aerial  Splice  Closure-7 

1.9 

11.8 

Aerial  Cable-8 

1.7 

2.5 

Buried  Cable- 1 

1.3 

2.7 

Buried  Cable-2 

1.0 

1.2 

Pedestal- 1 

1.0 

1.2 

Pedestal-2 

0.9 

1.1 

Submarine  Cable 

0.9 

1.1 

Splice  Closure  from  manhole  1 . 8 

6.7 

Unprotected  Cable  Reel 

1.4 

59. 

Steam  Exposed  Cable 

1.4 

139.0 

•  This  does  not  meet  Bellcore  TR-20  requirements. 


708  International  Wire  &  Cable  Symposium  Proceedings  1 992 


3.  FIBER-TEMPERATURE  ENVIRONMENT 

Because  fiber  aging  is  accelerated  by  severe  environments, 
some  knowledge  of  the  expected  field  environment  is  necessary 
to  estimate  the  long-term  reliability  of  fiber.  To  gauge  the 
expected  temperature  environment,  we  developed  a  simple 
thermal  model  of  an  aerial  cable  in  the  field.  This  model 
considered  the  effects  of  solar  heat  load  on  the  cable,  wind- 
induced  heat  convection  to  the  ambient  air,  and  long-wavelength 
radiation  to  the  low  atmosphere.  Weather  data  used  in  the 
model  were  the  ASHRAE  (American  Society  of  Heating, 
Refrigeration,  and  Air-Conditioning  Engineers)  WYEC 
(Weather  Year  for  Energy  Calculations)  data  [19,20],  which 
consists  of  8,760  hours  (one  year)  of  real  weather  data  for  each 
of  51  locations  in  North  America.  A  WYEC  "year"  for  a  given 
location  is  a  composite  of  twelve  separate  months  chosen  from 
thirty  years  (1951  to  1980)  of  data  from  the  US  Weather 
Service.  The  individual  months  were  selected  because  of  their 
closeness  to  the  long-term  means  of  both  ambient  air 
temperature  and  insolation  (solar  radiation  per  unit  horizontal 
surface).  Thus,  the  WYEC  data  are  a  good  representation  of 
both  the  average  and  the  coincidence  of  weather  conditions. 

Normal  maximum  annual  cable  temperatures  estimated  from  the 
model  are  shown  in  Fig.  9.  In  the  contiguous  United  States, 
these  range  from  44  °C  (Seattle,  WA)  to  68  °C  (Las  Vegas,  N  V). 
The  maximum  temperature  depends  on  the  size  of  the  cable,  and 
Fig.  9  was  generate  assuming  a  cable  diameter  of  1-3/8  inches. 
To  estimate  temperatures  in  aerial  splice  closures,  an 
"equivalent"  diameter  of  8  inches  was  input  to  the  model. 
Maximum  temperatures  generated  for  this  diameter  were  about 
4-1/2  °C  higher  than  those  shown  in  Fig.  9.  Since  aging  is 
accelerated  by  temperature,  these  higher  temperatures  may  be  a 
factor  in  the  lower  fiber  strength  observed  in  splice  closures. 

Note  that,  because  they  were  generated  from  the  WYEC  data, 
the  modeled  “maximum”  cable  temperatures  represent  average 
rather  than  extreme  values.  Extreme  (maximum  recorded) 
ambient  temperatures  in  the  United  States  range  from  3  ®C  to  16 
"C  higher  than  normal  maximum  values  [21];  however,  the 
largest  deviations  from  the  normal  maximums  appear  to  occur 
where  the  normals  are  low.  If,  as  a  first  approximation,  it  is 
assumed  that  maximum  cable  temperature  tracks  maximum 
ambient  temperature,  then  the  extreme  maximum  temperature 
for  a  1-3/8  inch  aerial  cable  could  range  58  “C  (Tallahassee,  FL) 
to  76  °C  (Phoenix,  AZ).  These  temperatures  should  not 
represent  an  extreme  reliability  risk  to  the  aerial  cable. 


4.  CONCLUSIONS 

In  summary,  we  have  compared  the  mechanical  and 
morphologic^  properties  of  field-aged  fibers  and  unaged  fibers 
of  the  same  vintage.  Fibers  in  this  study  did  not  experience  the 
extreme  aging  that  was  observed  in  an  earlier  study  of  fibers 
from  the  outside  layer  of  the  unprotected  cable  reel  [9].  The 
difference  in  aging  can  be  attributed  to  differences  in  fiber 
coating  chemistry  [8],  cable  core  materials  (e.g.,  filling 
compound)  and  construction,  and  local  environment.  Based  on 
this  study,  it  is  concluded  that  fiber  cables  exposed  to  typical 
field  environments  are  not  subjected  to  extreme  reliability  risk 
except  in  isolated  cases  where  severe  environmental  conditions 
(e.g.  steam  damage)  or  highly  undesirable  coating  properties  are 
encountered. 
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Figure  1  -  Two-point  fiber  strength  testing  apparatus. 


Figure  2  -  Schematic  of  atomic  force  microscope. 
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Figure  3  -  Two-point  bending  Weibull  strength  distribution. 


Figure  4  -  Unfiltered  AFM  image  of  a  typical  glass  surface  of 
a  typical  unaged  fiber  [the  same  vintage  of  fibers 
from  aerial  cable/closure  #  1  ] 


Figure  5  -  Unfiltercd  AFM  image  of  a  typical  glass  surface  of 
fibers  inside  aerial  splice  closure  #  1.  Surface 
roughness  is  about  3-5  nm,  showing  slight  aging 
deg^^adation  after  seven  years. 


80X 

Figure  6  -  Unfiltercd  AFM  image  of  a  typical  glass  surface  of 
fibers  inside  aerial  splice  closure  #  7.  Surface 
roughness  is  about  10-12  nm,  showing  aging 
degradation  after  seven  years. 


2CCX) 

Figure  7  -  Unfiltercd  AFM  image  of  the  glass  surface  of 

fibers  aged  in  a  cable  after  two  years  of  hot  steam 
exposure.  Surface  roughness  is  about  100-140  nm, 
showing  severe  aging  degradation. 


Surface  roughness,  nm 


Figure  8  -  Strength  versus  surface  roughness. 
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Summary 

The  mechanical  reliability  of  optical  fibres  is  better 
understood  and  intrinsically  improved  as  a  result  of  the 
advancements  in  fibre  production  techniques.  The 
industry  is  taking  advantage  of  the  opportunities  this 
presents.  In  particular,  the  traditional  approach  adopted 
in  the  form  of  'fibre  strain  free'  optical  cables  has  been 
complemented  by  the  development  of  higher  fibre 
packing  density  designs.  In  these  'tight'  designs  applied 
stresses  on  the  cable  are  transmitted  directly  to  the  fibre 
and  it  is  necessary  for  manufacturers  and  operators 
alike  to  be  assured  of  the  installed  system  reliability. 
This  paper  discusses  the  relationship  between  realised 
fibre  strains  in  cable,  required  lifetime,  and  reliability 
models  in  association  with  cabling  the  dedicated  fibre 
solution  to  the  distribution  network. 


Introduction 

The  use  of  optical  fibre  technology  in  the  distribution 
network  is  driving  the  development  of  new  generations 
of  cable  products.  Dedicated  fibre  network  topologies 
especially  in  urban  localities  will  require  a  high  channel 
density.  One  solution  is  the  tight  cable  design  which 
offers  a  high  fibre  count  in  a  minimum  diameter.  The 
traditional  'zero  fibre  strain'  loose  tube  designs,  such  as 
those  described  by  Farmer  et  al.\  impart  only  bending 
stresses  to  the  fibre.  Conversely,  the  newer  'tight' 
designs  transfer  stresses  directly  to  the  fibre  in  the  cable 
structure.  As  fibre  under  strain  represents  a  potential 
reliability  hazard  it  is  necessary  to  build  robust  models  of 
the  lifetime  under  such  circumstances.  We  present  here 
a  methodology  for  approaching  this  crucial  issue  based 
on  a  fibre  reliability  model^^^.  Alternative  reliability 
models  are  being  considered  and  it  may  well  be 
necessary  before  settling  on  a  definitive  model  to  test 
the  robustness  and  conservatism  of  these  other  models. 


In  this  paper  the  strain  history  of  a  fibre,  in  a  'tight' 
design  product,  linking  exchange  to  subscriber,  is 
modelled  using  a  typical  cable  system  as  an  example. 
Developed  calculus  enables  comparative  tensile 
modelling  for  a  variety  of  applied  stresses,  affording  the 
use  of  tensile  strength  test  data  for  lifetime  prediction.  A 
method  for  selecting  a  suitable  level  of  screened  fibre  for 
specific  applications  is  described.  Finally,  the 
theoretical  mechanical  reliability  of  the  fibre  in  the  total 
system  and  each  dedicated  link  is  calculated^  and  the 
implications  to  cable  design  discussed. 

Reliability  Models 
Minimum  Strength  Design 

The  minimum  strength  of  a  fibre  under  fatigue  conditions 
after  proof  screening  can  be  expressed  as  a  function  of 
its  screen  level,  as  for  example  has  been  reported  by 
Glaesemann  &  Gulati^.  In  this  model  fibre  failure  is 
interpreted  as  a  1%  growth  in  flaw  size.  A  time 
dependent  crack  growth  parameter  is  derived  from 
normalising  the  power  law  fit  to  the  standard  crack 
growth  kinetics  equation.  Finally,  a  'safe'  boundary 
condition  is  realised  by  accounting  for  post  proof  test 
strength  degradation  in  the  fatigue  condition. 


Oo  =  0.7  Op 


0.35 


[n+lj 

3© 

a 

(1) 


Where,  for  the  case  where  —  =  1 .01  when  Oa  =  Oo  : 


Vo 

ao 


a-')' 

O©  3 

safe  stress 

Op  = 

proof  stress 

Oa 

applied  stress 

O  = 

stress  rate 

Va 

ao 

crack  growth  parameter 

t 

time 
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n  =  stress  corrosion  parameter 

a  =  crack  size 

ao  =  Initial  crack  size 

Hence  for  a  given  'n'  value  the  model  allows  graphical 
representation  of  'safe'  strain  vs  strain  duration.  Figure 
1  shows  the  tensile  strains  which  silica  fibre  (n=20) 
screened  to  various  levels  can  sustain  safely  over  time. 
Calculations  used  a  nominal  stress  rate  of  300  kpsi/s 
consistent  with  that  used  in  long  length  dynamic  strength 
testing,  the  equation  shows  relative  independence  from 
stress  rate. 

Interestingly,  from  these  curves,  a  'safe'  in  service  strain, 
for  1%  screened  all  silica  fibre  (n=20),  for  30  years  life  (~ 
109  secs),  would  be  approximately  0.2%. 


'The  strength  of  fibre  can  be  represented  as  a  statistical 
parameter  reflecting  the  distribution  of  flaw  sizes  on  the 
glass  surface'^.  Employing  the  results  of  long  length 
dynamic  strength  testing  to  predict  failure  probabilities  of 
long  lengths  of  fibre  suffering  applied  stress  reduces  the 
risks  associated  with  extrapolating  lesser  data  across 
several  orders  of  magnitude.  For  instance, 
acknowledging  Weibullian  statistical  theory  and 
assigning  failure  probabilities  by  the  median  rank 
method,  a  1400km  distribution  is  required  to  yield  data 
down  to  1  X  10'5  /  20m.  This  scale  of  testing  (70000  20m 
lengths)  can  only  practicably  be  achieved  using 
continuous  strength  testing  apparatus,  such  as  that 
described  by  Glaesemann^.  Probabilistic  theory 
supports  the  scaling  of  such  collated  data  to  longer 
lengths.  Clearly  very  long  length  testing  is  required  to 
gain  real  data  at  the  levels  of  failure  probability  which 
are  becoming  industry  requirements. 

Conversely,  for  short  fibre  lengths  the  probability  of 
encountering  a  flaw  in  the  low  strength  end  of  the 
distribution  is  negligible  and  the  high  strength  region 
dominates.  Therefore  Weibull  parameters  pertaining  to 
both  the  low  and  high  strength  regions  on  the  bi-modal 
cumulative  failure  distribution  plot  are  required  to 
recommend  a  'safe'  stress  for  a  given  length  and  failure 
probability  requirement.  Following  the  model  developed 
for  the  minimum  strength  design  the  following 
expression  can  be  used  to  calculate  a  safe  stress  for  a 
required  failure  probability  : 


1 

n 


(2) 


Oo 

safe  stress 

o' 

Weibull  scaling  parameter 

F 

failure  probability 

m  = 

Weibull  modulus 

Of 

strength  appropriate  to  the 

F  region  of  interest 

The  Weibull  parameters  are  available  from  cumulative 
failure  distributions  built  up  from  dynamic  testing  of  20m 
gauge  lengths.  See  figure  2. 


This  section  is  devoted  to  developing  expressions,  for 
use  within  Weibull  calculus,  to  model  complex  stress 
situations  on  a  fibre  as  an  equivalent  tensile  stress. 
Real  tensile  data  can  then  be  applied  to  more  complex 
situations. 


The  failure  probability  at  an  applied  tensile  stress,  of  is 
given  by  ; 


F  =  1  -  exp  -  — 


Oo  =  characteristic  strength 

Ao  =  surface  area  of  gauge  length 

For  the  case  of  simple  uniform  tension  the  result  of  the 
integral  is  : 

F  =  1-exp-^gjP  (3a) 

Bend 

In  bending  only  a  fraction  of  the  fibre  surface  is  under 
tension.  The  length  in  bending.  Lb  which  would  have 
the  same  failure  probability  as  an  equivalent  length  in 
tension,  Lgq  when  the  maximum  bending  strain  equals 
the  tensile  strain  has  been  shown  by  Glaesemann^  to 
be  given  by  : 


(4) 


Note  ;  For  the  case  where  m=2,  Leq 


Hence  for  long  lengths  of  all  silica  fibre  (m=2)  in  bending 
the  failure  probability  can  be  determined  by  equating  the 
maximum  bending  stress  to  tensile  stress  and  using  1/4 
of  the  length  in  bending  to  scale  to  the  Weibull 
distribution. 
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When  the  tensile  strain  on  a  fibre  gradually  increases 
along  its  length,  as  depicted  in  figure  3.  A  relationship 
can  be  derived  describing  the  fibre  stress,  gi,  at  any 
point  along  the  it's  length,  L,  as  follows  : 

o,  =  0a[l-q)  +  o,[q]  (5) 

Substituting  for  the  above  Of  in  equation  (3)  results  in  : 


Oafn+l  <jjm+l 


F  =  1  -  exp  I  - 


(oa  -  ot) 


For  the  case  where  oa  =  0,  where  the  fibre  stress 
increases  directly  proportionately  with  its  length,  the 
developed  expression  given  in  equation  (6)  reduces  to  : 


SST  hgjT. 


Oa 

stress  at  L=0 

Ot 

stress  at  L  =  Lt 

Oo 

characteristic  strength 

Lt 

total  length 

Lo  - 

gauge  length 

Hence,  by  comparing  equations  7  and  3a,  the  case  of 
tension  increasing  gradually  along  a  fibre  length  can  be 
compared  directly  with  the  case  for  constant  tension  . 
For  instance,  a  fibre  with  an  m=2,  experiencing  a 
constantly  increasing  stress  along  its  length  would  have 
the  same  failure  probability  as  1/3  the  length  in  uniform 
tension  when  the  maximum  applied  stress  equalled  the 
uniform  stress. 


When,  as  in  most  practical  applications  with  tight  cable 
constructions,  a  fibre  suffers  tensile  and  bending 
stresses  the  fraction  of  the  fibre  surface  under  tension 
changes  with  the  magnitude  of  each  force.  See  figure  4. 
The  stress  on  the  surface  of  the  fibre  can  be  described 
by: 

Of  a  Oa  +  Ob  sin0  (8) 

Ob »  E.5  (for  strain  levels  <  1  %)  (9) 


Substituting  for  of  in  equation  3,  the  developed 
expression  becomes  : 


r  r/'(Oa+ObSin0)Yri  rdLd0 

r  JJl  oo  J  *0  J 


Two  distinct  solutions  exist : 
When  Oa  <  Ob 

r  7C+0 

C  4  _ [Id _  f/_  . 


F  =  1  -  exp 


/\oOo'" 


J(oa+ObSin0)"’d0 


and,  when  Oa  2:  ob 


F  =  1-exp  -  j(oa+ObSin0)"'d0  (12) 

0 


Of 

stress  on  surface  of  fibre 

Oa 

tensile  stress 

Ob 

maximum  bending  stress 

Oo 

characteristic  strength 

For  the  applications  examined  in  this  study  the  case 
described  by  equation  1 2  is  appropriate.  Further,  when 
the  Weibull  modulus,  m,  is  an  integer  value  reflecting  the 
low  strength  region  of  the  cumulative  distribution, 
precise  solutions  exist  for  the  integral  in  equation  12, 
see  table  1  below. 


J(oa+ObSin0)"’d0 


7C  (20a2+0b2) 


27tOa3+  3jtOaOb2 


4  27lOa'^+67tOa^Ob2+- 

Table  1  :  Solutions  of  integral 
eg.  For  m=2  and  Oa  2  ob : 

C  _  r  _ [k? _  /  _/o_  9  .  - 


37tOb^ 


F  =  1  -  exp 

. 


=  1  -  exp 


r  ^  7  20a2+0b2V 

I'Loi  20o2  jj 
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Historically  engineers  have  simply  summed  the 
maximum  bending  and  uniform  tensile  stresses  to 
estimate  the  failure  probability  of  this  combined  stress 
situation  as  a  uniform  applied  tensile  stress.  For 
example,  substituting  for  of=Oa+<Tb  in  the  original  Weibull 
equation  (3a).  for  a  fibre  with  an  m=2  yields  : 

Graphical  comparisons  of  the  developed  applied  stress 
components  of  equations  13  and  14  are  given  in  figure 
5.  In  this  figure  the  components  of  the  equations  have 
each  been  normalised  to  tensile  stress  alone  and  the 
results  plotted  against  the  tensile  stress  to  bending 
stress  ratio.  The  curves  'F(A)'  and  'F(B)'  refer  to  the 
expressions  contained  within  equations  14  and  13 
respectively. 

Figure  5  clearly  illustrates  the  conservative  nature  of 
treating  the  maximum  bending  stress  as  a  uniform 
tension.  It  also  shows  that  it  is  more  appropriate  to 
account  for  combined  tensile  and  bending  stresses. 

However,  the  most  important  finding  must  be  that  for 
situations  where  Ca  >  4ab  the  bending  stress  contribution 
becomes  insignificant  and  may  be  ignored  in 
subsequent  analysis. 


The  network  architecture  which  is  the  subject  of  this 
study  is  a  hypothetical  dedicated  fibre  network  supplying 
300  subscribers.  The  cable  designs  are  based  on  the 
likely  requirements  of  the  distribution  network  in  the  UK. 
The  chosen  design  methodology  is  ribbon  in  slotted 
core  cable  employing  8  fibre  ribbons.  Figure  6  details 
the  network  topology  and  indicates  the  route  lengths 
and  fibre  count  of  the  primary  and  secondary  links.  All 
cables  except  for  subscriber  drop  cable  are 
underground  duct  installed.  A  two  fibre  overhead  drop 
cable  connects  the  subscriber.  Details  of  these  cables 
are  included  in  the  following  sections.  Excess  cable  is 
accommodated  in  coils  in  the  pedestal  or  footway  boxes. 


A  number  of  stacks  of  fibres  in  ribbon  construction  are 
implanted  in  an  appropriately  designed  slotted  core 
profile.  The  residual  strains  experienced  by  the  fibres  in 
the  manufactured  cable  are  a  mix  of  tensile,  bending 
and  torsional  elements.  In  a  typical  design  (represented 
in  figure  7)  the  magnitude  of  the  extreme  values  of  these 
strains  may  be: 


Tensile  strain  due  to  array  position  :  0.01  % 

Tensile  strain  due  to  insertion  tension  :  0.02% 
Torsional  strain  (ribbon  twist  per  lay) :  negligible 
Bending  strain  due  to  lay  :  0.006% 


The  overall  strains  realised  by  the  fibres  during  their 
operational  lifetime  can  then  be  projected  by  analysing 
the  relationship  between  cable  and  fibre  strain.  The 
mechanical  response  of  a  'tight'  design  cable  is  shown 
in  figure  8. 

In  addition,  coated  fibres  experience  thermally  induced 
strains  caused  by  their  different  expansion  with  respect 
to  the  cable  on  temperature  change.  These  strains  can 
be  modelled  by  calculating  the  effective  thermal 
expansion  of  each  element  across  the  operational 
temperature  range. 

Effective  thermal  expansion  coeff. 

J  Ei(T).Ai.aj(T) 

-  (15) 

I  Ei(T).Ai 

E(T)  =  Modulus  of  elasticity  functional  with  temperature 
Ai  =  Cross  sectional  area 

aj(T)  =  Thermal  expansion  coeff.  as  a  function  of  temp. 


L  =  Original  length 
T  =  Temperature 


At  20°C  above  ambient  the  predicted  thermally  induced 
fibre  strain  in  the  cable  construction  shown  in  figure  7  == 
0.06%. 


Understanding  and  quantifying  the  strains  induced  by 
these  separate  mechanisms  is  important  because,  in 
this  type  of  cable  design,  they  are  directly  additive  to  the 
fibre  strains  realised  in  cable  installation. 

Cables  hauled  into  ductwork  experience  tensile  strains 
which  are  both  length  and  time  dependant.  Figure  10 
describes  expected  load  variance  with  load  duration 
and  length  during  installation  for  the  general  case  of  a 
cable  hauled  through  a  straight  duct. 


The  cable  will  experience  the  maximum  load  (Tmax)  at 
the  pulling  end  of  the  route  for  short  durations  only.  The 
following  expression  relates  tensile  strain  to  time  and 
length  : 


Strain,  e  (L.  t)  = 


pWL(l-p^) 
t  max 

AE 


(17) 
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e  =  Strain 

L  =s  Distance  along  duct  route 

|i  =  Friction  coefficient :  cable  to  duct 
W  =  Cable  weight 

t  =  Time 

A  =  Area  of  strength  member 

E  =  Modulus  of  strength  member 


Overhead  Drop  Cable 

The  residual  strains  in  the  fibre,  from  manufacture,  in  the 
type  of  cable  depicted  in  figure  9  are  negligibie.  Fibre 
strain  is  driven  by  the  thermo-mechanical  response  of 
the  cable  to  its  environment.  In  tensile  testing  the  cable 
has  shown  the  same  characteristic  response  to  load  as 
the  'tight'  design  product. 


Strain  energy  (t)  =  J  J  AEe  (L.  t)  dl  dt 

2 


(18) 


Once  installed  the  cables  retain  a  stress  profile  along 
their  length,  caused  by  frictional  forces  opposing  stress 
relaxation.  This  effect  has  been  reported  by  Caviglia  et 
al.5  and  Hsieh  et  al.®-  Although  tensile  elements  in  the 
cable  products  may  creep  with  time,  reducing  the 
magnitude  of  the  residual  installation  stress,  the 
perfectiy  elastic  glass  fibres  do  not  stress  relax. 
Therefore,  it  wouid  seem  reasonable  to  show  the  cables' 
original  residual  stress  profile  unchanging  over  the 


fibres'  installed  lifetime.  See  figure  11. 

The  following  expressions  apply  : 

(OSLsi^)  (19a) 

(kffijLSL™,)  (19b) 

Strain  energy  (t)  =  /  /  AEe  (L,  t)  dl  dt 

=  (0<Ls^)  (20a) 

=  pWLt  (^Lmax  *  ( ^  ^  L<Lmax )  (20b) 


Traditionally  the  cable  design  engineer  would  have 
based  his  selection  of  fibre  proof  screen  level  on  the 
maximum  load,  over  the  entire  length  of  cable  in  the  duct 
for  the  duration  of  its  lifetime.  The  corresponding 


equations  for  this  case  are  ; 

Tots!  str3in,  £  * 

(21) 

Total  strain  energy  =  AEe 

=  pWLmaxfmax 

(22) 

Clearly,  comparing  equations  18,20  and  22  (which 
describe  the  volumes  enclosed  within  the  curves  in 
figures  10  and  11),  designing  to  the  maximum  load, 
length  and  duration  for  installation  and  installed  lifetime 
is  a  conservative  approach  for  cost  effective  design  of 
'tight'  fibre  cable  products.  Hence,  for  the  purposes  of 
analysing  the  fibre  strains  in  duct  installed  'tight'  design 
product  the  stress  will  be  modelled  as  function  of  time 
and  length. 


A  length  of  this  product  installed  on  an  access  network 
simulation  test  facility  with  environmental,  mechanical, 
optical  and  fibre  strain  monitoring  has  shown  that  the 
fibre  strain  response  is  directly  proportional  to  the 
realised  cable  strain. 

The  design  of  these  products  is  a  complex  task  involving 
a  compromise  between  the  products'  elastic  modulus, 
breaking  load  and  environmental  response  governed  by 
its  size  and  weight.  A  larger,  heavier,  stronger  design 
creates  higher  loading  at  suspension  points.  A  lighter 
design  may  be  too  elastic,  sag  too  much  or  even  break. 
The  tensile  response  of  the  cables  to  the  environment  is 
governed  by  well  documented  change  of  state 
equations^.  Generally,  for  short  span  applications,  an 
approximation  to  the  catenary  is  used  in  the  form  of 
parabolic  expressions.  The  general  formula  is  : 


Co 


fpg  1-3 

^■^24To2  '^2L 


(23) 


Co  =  Catenary  length  at  state  0,  installation 

L  =  Span  length 

H  =  Suspension  point  height  difference 

To  =  Tension  at  state  0 

fo  =  Resultant  load  at  state  0 

The  new  cable  tension,  caused  by  a  change  in 
environmentai  conditions,  state  1.  is  derived  by 
substituting  for  Ci  and  Co  in  the  following  relationship  : 


AC  =  Ci-Co  =  ACeiastic  +  ACthermal 


=i^(Ti-To)+(aCo(ti-to))  (24) 

Given  the  new  tension,  -he  new  catenary  length  Ci  can 
be  calculated,  this  value  yields  the  resultant  strain  in  the 
fibre. 

For  the  cable  shown  in  figure  9,  with  an  installation 
tension  of  200N  and  for  a  68m  span  case,  the  following 
range  of  tensile  strains  are  expected  to  be  experienced 
by  the  fibre  during  its  lifetime  : 


Condition 
(temp.,  ice,  wind) 

Duration 

Cable 
strain  (%) 

Including 
creep  {%) 

Installation  @  20°C 

30  years 

0.12 

0.17 

-7’’C,  0mm,  I9.2m/s 

30  days 

0.19 

0.24 

-7°C,  3mm,  tS.ZnVs 

30  days 

0.35 

0.40 

0°C,  3mm,  Om/s 

30  days 

0.21 

0.26 

O'C,  3mm,  I9.2nvs 

30  days 

0.37 

0.42 

0°C,  0mm,  22.8m/s 

30  days 

0.28 

0.33 

20'’C,  0mm,  22.8m/s 

30  days 

0.34 

0.39 

eO'C,  0mm,  Om/s 

30  days 

0.27 

0  32 

Table  2  :  Overhead  drop  cable  strains 
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Higher  strains  are  seen  for  short  durations  only.  The 
every  day  strain  is  governed  by  the  installation 
condition.  For  overhead  cables,  the  installed  span 
length,  the  creep  under  load®  and  any  initial 
constructional  elongation  must  be  built  into  the  resultant 
total  strain. 


System  Reliability 

This  section  uses  the  application  models  developed  for 
various  stress  situations,  applies  the  stress  history  of  the 
installed  fibre  and  uses  established  probabilisjc  theory 
to  calculate  a  system  reliability. 

Primary  and  Secondary  Links 

Working  from  the  exchange  to  the  home  (see  figure  6),  a 
1km  length  of  the  high  fibre  count,  tight  design,  ribbon  in 
slotted  core  cable  is  hauled  through  ductwork  to  the 
primary  flexibility  point.  500m  lengths  of  1 20f  and  20f 
cables  of  similar  design  extend  through  the  secondary 
flexibility  points  to  the  footway  boxes.  For  the  purposes 
of  this  investigation  we  have  chosen  to  examine  the  120f 
cable  design  described  earlier  and  assumed  that  the 
ductwork  in  question  is  level  and  straight. 

Installation 

Postulating  that  the  tensile  load  developed  at  the 
hauling  end  is  realised  as  a  strain  level  of  up  to,  for 
instance,  0.5%  in  the  cable,  and  that  the  installation 
takes  a  nominal  eight  hours.  Then,  for  the  cable 
previously  described  the  total  applied  tensile  strains  can 
be  determined  : 

Extreme  value  of  tensile  strain  due  to  fibre's  array 
position  and  ribbon  insertion  tension  :  0.03% 

Thermally  induced  tensile  strain  realised  by  installing 
the  cable  at,  say,  1 0^C  above  ambient :  0.03% 

Steadily  increasing  strain  experienced  by  the  fibre  along 
its  length  due  to  hauling  into  the  duct ;  0  to  0.5% 

The  resultant  magnitude  of  the  tensile  strain  range 
experienced  by  the  fibre  during  installation  may  be  0.03 
to  0.56%. 

The  bending  strain  due  to  lay  is  0.006%.  Clearly  Ob  < 
Oa/4  therefore,  following  the  argument  previously 
presented,  bending  strains  can  be  ignored.  Hence  for 
reliability  analysis,  the  magnitude  of  the  tensile  strains 
realised  by  fibres  in  the  construction  remain  unchanged 
by  the  strain  due  to  .ending,  and  range  from  0.03%  at 
the  'pulling  in'  end  to  0.56%  at  the  hauling  end. 


The  level  of  stress  seen  by  the  fibre  increases  with 
distance  along  the  duct,  whereas  the  stress  duration  is 
inversely  proportional  (  see  figure  10).  Consequently, 
the  calculation  to  determine  a  reliability  for  the 
installation  must  involve  an  integration  over  stress, 
length  and  time.  Solving  this  using  numerical 
integration  methods,  by  repeatedly  applying  eqn  17  with 
small  step  sizes  of  length  and  strain  duration  would 
enable  a  safe  equivalent  tensile  strain  to  be 
recommended  for  a  given  failure  probability 
requirement.  However,  this  approach  should  account 
for  the  changing  strength  distribution  after  each  .iteration 
and  the  solution  becomes  over  complex.  For  the 
purposes  of  this  paper  we  have  assumed  that  the 
strength  distribution  remains  practically  unchanged  after 
each  stress  event  provided  we  adhere  to  the 
recommended  'safe'  stress  levels. 

Figure  12  represents  an  assumed  strength  distribution 
for  approx.  400km  of  all  silica  fibre^.  This  figure  may  be 
considered  to  be  a  design  diagram  for  all  silica  fibre. 

The  accumulated  20m  gauge  length  data  is  first  scaled 
to  the  application  length  {500m)  and  then  further  scaled 
by  1/3  (for  m=2)  to  represent  the  constantly  increasing 
strain  case  experienced  by  the  duct  cable,  ie.  the 
equivalent  length  under  uniform  tension  is  167m. 
Referring  to  the  'duct  cable'  curve  superimposed  on  fig. 
12  the  expected  failure  probability  at  an  'in  service' 
strain  of  up  to  0.56%  for  8  hours  is  too  high  (=4x10  ®) 
therefore  a  minimum  strength  design  is  preferred. 

Overlaying  a  graphical  representation  of  the  installation 
strains  realised  by  the  fibre  on  the  curves  shown  in 
figure  1,  provides  a  recommendation  for  a  minimum 
proof  screen  level.  See  figure  13.  The  minimum  proof 
screen  level,  for  an  all  silica  fibre  (n=20),  required  to 
support  the  aforementioned  installation  case  would  be 
approximately  1 .5%. 


Installed  case 

Assuming  that  the  fibre  has  not  been  damaged  by 
installation  a  similar  approach  can  be  adopted  to 
estimate  the  reliability  of  the  installed  cable  where  the 
residual  stress  profile  is  described  by  figure  11.  In  this 
situation  the  fibre  sees  a  residual  strain  level  after 
installation  which  changes  with  length  and  is  virtually 
time  independent.  Differential  thermal  expa''sion  of 
cable  components  may  cause  an  additional  fit  strain 
up  to  0.06%  at  20°C  above  ambient.  The  magnitude  of 
the  realised  strains  may  vary,  in  this  case,  from  0  to 
0.34%  for  the  installed  lifetime.  Referring  to  the  'duct 
cable'  curve  superimposed  on  figure  12  the  expected 
failure  probability  at  an  'in  service'  strain  of  up  to  0.34% 
for  30  years  is  again  too  high  {»6x10  ®)  therefore  a 
minimum  strength  design  is  again  preferred.  Referring 
to  figure  13,  the  minimum  proof  screen  level,  for  an  all 
silica  fibre  (n=20),  required  to  support  the  installed  case 
would  be  approximately  1 .8%. 
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Analysis  of  the  results  shows  the  reliability  of  the  product 
to  be  installed  life  dependant.  To  support  allowing  a 
tensile  strain  of  up  to  0.5%  in  the  tignt  design  cable 
shown  in  figure  7  during  duct  installation,  and  ensure 
that  there  is  a  negligible  probability  of  breaking  a  fibre 
through  the  products  installed  lifetime,  a  proof  screen 
level  of  up  to  1 .8%  would  be  recommended  for  all  silica 
fibre  (n  =  20). 

Fatigue  resistant  fibre  (n=30)  however,  shows  screen 
level  choice  balanced  between  installation  and  installed 
lifetime  of  the  product,  see  figure  14.  In  this  case  a 
1 .25%  screened  fibre  would  be  required. 

Splice  Cassette 

The  splice  cassettes  typically  contain  up  to  0.8m  of  fibre 
in  pure  bending  with  a  bend  radius  of  30mm  (maximum 
bending  strain  =  0.21%).  The  predicted  strength 
distribution  is  shown  in  the  design  diagram  in  figure  12. 
Referencing  figure  12,  the  safe  strain  recommended  at 
F=lx10'5can  be  read  down  from  the  'splice  cassette* 
curve  to  the  30  year  time  scaled  axis,  and  is  0.38%. 
Comparatively,  the  minimum  design  strength  theory 
would  suggest  that  a  1.2%  proof  screened  would  be 
required.  Clearly,  designing  to  a  failure  probability 
requirement  is  justified  in  this  case  and  a  only  nominal 
0.5%  proof  screen  level  is  required  for  fibre  in  the 
cassette. 

Since  the  fibre  in  the  cassette  will  be  drawn  from  the 
duct  cables  or  overhead  drop  cable  this  analysis  shows 
that  the  fibre  handling  in  the  joint  is  not  a  dominant  factor 
in  proof  screen  level  selection.  Knowledge  of  the  low 
strength  portion  of  the  strength  distribution  of  the  all 
silica  fibre  has  afforded  the  possibility  of  utilising  a 
greater  proportion  of  its  strength  allowing  failure 
probability  design. 

fioolwav  Box 

Several  metres  of  excess  cable  length  may  be 
contained  in  the  footway  box  in  large  diameter  coils,  the 
case  of  pure  bending  applies  at  ambient  temperatures. 
Referring  to  figure  12,  and  the  'footway  box'  curve  for 
8m  in  bending,  the  calculated  'safe'  strain  for  a  30  year 
life  with  F=1x10‘5,  is  0.14%.  This  is  greater  than  the 
maximum  bending  strain  realised  in  the  1m  dia.  coil 
-0.0125%.  Conversely,  the  expected  failure  probability 
at  this  strain  level  is  of  the  order  5x10  ®,  this  figure  is  so 
small  as  to  be  considered  to  be  zero. 

During  temperature  changes  the  fibre  would  experience 
a  cyclic  change  in  tensile  stress  due  to  differential 
thermal  expansion  of  components  and  see  a  range  of 
strains  from  0  to  0.06%.  In  the  worst  case  the  thermally 
induced  tensile  strain  is  greater  than  four  times  the 
maximum  bend  strain  and  therefore  the  bending 
contribution  may  be  ignored  (as  previously  shown). 
Referring  to  the  'footway  box'  curve  on  figure  12  for  8m 
in  tension  and  assuming  a  30yr  life  and  F=1x10-5,  the 
'safe'  strain  is  0.075%.  Therefore,  again  0.5%  screen 
fibre  suffices. 


The.  Prop  Cabi£ 

Fibre  in  the  drop  cable,  packaged  as  shown  in  figure  9, 
sees  only  bending  stresses  coiled  in  the  footway  box 
and  no  thermally  induced  tensile  stresses  because  it  is 
de  coupled  from  the  cable  packaging.  Cable  fixed  to  the 
pole  transmits  no  tensile  strains  to  the  fibre  and  the 
weight  of  the  fibre  is  supported  along  its  vertical  length 
by  the  'viscous'  gel.  The  span  of  the  drop  cable  to  the 
customer  suffers  a  range  of  levels  and  durations  of 
strains  whose  extreme  values  are  shown  in  table  2.  In 
this  case  the  choice  between  the  failure  probability  or 
minimum  strength  design  is  not  distinct.  When 
designing  to  higher  failure  probability  levels  (e.g.  1x10  ®) 
real  data  can  apply  (see  the  'overhead  cable'  curve  on 
figure  12)  and  safe  strain  recommendations  for  all  silica 
fibre  of  0.29%  for  30  days  and  0.22%  for  30  years  result. 
However,  at  the  high  levels  of  strain  seen  by  the  fibre  in 
the  span  failure  probabilities  are  high  and  a  minimum 
strength  design  is  preferred  to  advise  a  higher  proof 
screen  level. 

Superimposing  the  strains  experienced  by  the  cable 
during  its  lifetime  on  figure  1  a  choice  of  screen  level 
can  be  made  (figure  15). 

From  analysis  of  the  curves  produced  the  minimum 
recommended  screen  level  required  would  be  ~1.6% 
(~1 .2%  for  fatigue  resistant  fibre).  Further,  it  is  clear  that 
the  choice  of  screen  level  is  governed  by  the  short  term 
high  strain  level. 

The  remainder  of  the  drop  cable  exists  in  a  relatively 
benign  environment  and  the  screen  level  of  fibre 
required  for  the  span  length  is  more  than  sufficient  to 
assure  its  lifetime. 


Overall  Reliability 


The  overall  mechanical  reliability  of  the  fibre  in  the 
system  depicted  in  fig.  6  can  be  calculated  by  taking  the 
sum  of  the  product  of  the  calculated  survivability's  of  the 
component  parts  of  each  Iink4.  The  failure  probability  of 
each  component  part  can  be  estimated  by  taking  the 
product  of  the  calculated  survivability's  for  each  stress 
event  seen  by  that  part.  Assuming  that  the  reliability's  of 
all  the  fibres  in  the  duct  installed  cables  are  equal,  and 
that  fibre  in  the  cable  coiled  in  the  footway  boxes,  and 
fibre  in  the  splice  cassettes,  and  fibre  in  the  overhead 
cables  can  be  treated  similarly.  Then  the  system  failure 
probability  can  be  found  from  the  following  expression  ; 


^system 


(25) 
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Conclusions 


R  =1-F 

F  =  failure  probability 

Ri  =  reliability  of  a  fibre  in  a  component  part  of  a  link 
subject  to  a  particular  strain  event 
r  =  no.  of  different  strain  events 
Rj  =  reliability  of  the  fibre  in  a  component  part  of  a  link 
s  =  no.  of  separate  components  in  the  link 
q  =  no.  of  links  in  the  system 

For  example,  in  the  notional  system  we  have  discussed, 
breaking  the  link  route  down  to  3  lengths  of  duct  cable,  6 
loops  of  cable  in  footway  boxes,  3  splice  cassettes  and 
an  overhead  span,  the  expected  failure  probability  in  a 
two  fibre  link  from  the  exchange  to  a  subscriber  can  be 
estimated  as  follows  (note  that  minimum  strength  design 
was  preferred  for  the  longer  lengths  of  fibre  hence  these 
regions  essentially  show  a  reliability  of  1 ) : 

Fsubscriber  link  =  2.{1  -  (Rduct  cable)^-{Rfootway  box)® 

.(Rsplice  cassette)®-(Roverhead  cable)} 

F duct  cable  “  0 

Ffootwaybox  <1x10'® 

F splice  cassette  <1x10'® 

F overhead  cable  ”  0 

f^subscriber  link  <  1.8x10"^ 

ie.  The  probability  of  a  duplex  fibre  link  from  exchange  to 
subscriber  failing  within  30  years  <  1.8x10-f 

In  similar  fashion  the  probability  of  any  one  link  in  the 
entire  system  failing  within  30  years  can  be  calculated  : 

f^eOO  fibre  system  <  5.4x1 0'^ 

Clearly  designing  component  parts  to  the  low  levels  of 
failure  probability  advised,  and  using  a  knowledge  of  the 
fibre  strength  distribution,  results  in  a  reasonably  high 
system  reliability.  The  chances  of  accidental  damage 
occurring  to  the  network's  outside  plant  within  it's  30 
year  lifetime  would  far  outweigh  the  probability  of  a 
stressed  fibre  breaking  by  crack  growth. 

Duct  installed  cable  can  be  constrained  by  design  to 
some  pre-determined  strain  level  to  suit  the  fibre  type 
and  screen  level  employed.  The  overhead  cable, 
however,  lies  at  the  mercy  of  the  elements,  compromises 
in  its  design  to  meet  local  requirements  must  be  made 
and  therefore  rather  than  being  able  to  design  around 
the  fibre,  the  converse  is  true.  If  the  same  screen  level  of 
fibre  is  employed  throughout  the  system,  then  for  the 
cabling  and  environments  discussed,  the  link  reliability 
will  depend  on  the  length  of  fibre  contained  within  the 
span  of  the  drop  cable. 

Re-routing  of  the  final  drop  via  local  ductwork  would 
therefore  offer  a  more  reliable  solution.  Where  this 
proves  impractical,  allowing  a  higher  failure  probability 
for  the  final  drop  may  prove  an  attractive  alternative. 
The  re-installation  costs  of  the  final  short  link  being 
relatively  low. 


In  this  paper  the  strains  realised  by  fibre,  in  a  link  in  the 
outside  plant  in  a  generic  representation  of  the  local 
dedicated  fibre  network  employing  'tight'  design  cable 
products,  have  been  estimated. 

Existing  reliability  models  have  been  developed  to  apply 
to  the  various  stress  situations  seen  by  the  installed 
fibre.  Specifically,  where  combined  bending  and  tensile 
stresses  are  seen,  and  <Ta>4ob,  the  bending  stress 
contribution  has  been  shown  to  be  insignificant  when 
calculating  a  failure  probability.  Also,  we  have 
developed  a  means  to  simply  scale  to  the  tensile 
strength  distribution  to  accommodate  the  example  of  a 
fibre  experiencing  a  constantly  increasing  strain  along 
its  length. 

Distinctions  have  been  made  between  designing  to  a 
minimum  strength  for  prescribing  a  proof  screen  level  to 
suit  the  application  and  using  the  failure  probability 
distribution  data  to  recommend  a  'safe'  strain. 

We  have  shown  that  a  knowledge  of  the  strength 
distributions  affords  the  possibility  of  allowing  greater 
stresses  on  shorter  lengths  of  fibre  whilst  still  achieving 
a  high  system  reliability. 

Design  diagrams,  on  which  installation  and  installed 
cabled  fibre  tensions  can  be  readily  superimposed, 
were  developed  to  ease  the  selection  of  a  suitable  fibre 
screen  level  and  fibre  type  for  an  application.  The 
developed  analysis  is  relatively  straight  forward  and 
provides  a  means  towards  estimating  the  overall 
reliability  of  a  system. 

The  analysis  showed  that  employing  fatigue  resistant 
fibre,  or  hermetic  coated  fibre,  in  the  network  would 
afford  cable  manufacturers  the  luxury  of  designing  to 
greater  levels  of  cable  strain  whilst  still  assuring  product 
lifetime. 

We  suggested  that  the  chances  of  accidental  damage 
occurring  to  a  network  far  outweigh  the  probability  of  a 
fibre,  under  controlled  stress,  failing. 

Finally,  we  recommended  some  possible  alternatives  to 
cabling  the  local  loop  network  using  the  reliability  of  the 
fibre  as  the  driving  force  in  product  design. 
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Figure  1  :  Minimum  strength  design 
for  all  silica  fibre  (n=20) 


Fig  2  :  Representation  of  post  proof  test 
strength  distribution  (dynamic) 


■-te- 


J 


Fig  4 :  Fibre  under  bending  and  tension 


Tensile  to  bending  stress  ratio  (x) 


Fig  5 :  Realised  stresses  In  tension  and  bending 


Fig  7  ;  Schematic  of  a  ribbon  in  slotted  core  cable 
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Safe  in  service  strain  (%)  8  hours  0.23  o.s  0.75  1.0  1.65 

- 1 - 1 - r  I — I - 1 - 

30  days  0.18  0.25  0.5  0.75  1.0  1.30 

I  '  1 - 1  I  I  I 

30  years  o,i4  0.25  o.38  o.5  0.75  1.00 

Fig  12  :  'Safe'  strain  design  diagram  for  all  silica  fibre  (nr20) 
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Fig  8 :  Fibre  strain  vs  cable  strain 
for  tight’  design  cables 


Fig  9  :  Schematic  of  an  overhead  subscriber  drop  cable 


Fig  10 :  Cable  tension  vs  length  vs  time 
during  Installation  In  ductwork 


Fig  11  :  Cable  tension  vs  length  vs  time 
Installed  In  ductwork 


Figure  13  ;  Minimum  strength  design 
for  all  silica  fibre  (n=20) 


Figure  14  :  Minimum  strength  design 
for  Tl  clad  silica  fibre  (n=30) 


Figure  15  :  Minimum  strength  design 
for  all  silica  fibre  {n=20) 
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Abstract 

The  evaluation  of  the  fatigue  parameter  "n"  of  optical  fibers 
always  has  required  testing  of  several  samples,  on  which  a 
series  of  loads,  or  stress  rates,  have  been  applied  during  the 
test. 

Great  advantage  would  be,  if  testing  series  of  samples 
were  eliminated  by  a  single  operation.  Such  a  test,  the 
distributed  strain  test,  now  has  been  analyzed  theoretically. 
Formulas  are  derived,  which  enables  the  evaluation  of  n  tom 
a  series  of  measurements  of  failures  in  one  fiber  specimen. 
The  mounting  operation  of  a  single  specimen,  loading,  and 
the  completion  of  the  measurement  compose  the  total  test.  In 
this  respect,  it  will  be  a  radically  new  test  of  fiber  fatigue. 

A  brief  guidance  is  given  on  the  design  of  an  instrument,  and 
limitations  of  the  test. 

Introduction 

The  prediction  of  lifetime  of  (^tical  fibers  under  stress  is 
limited  by  the  model  employed,  and  by  the  reliability  of  long¬ 
term  fatigue  data.  Reliable,  and  extensive  data  are  accessible, 
e.g.  by  the  expander  test,  in  which  static  and  dynamic  tests 
are  made  on  medium  length  fibers  under  uniaxial  stress.  When 
using  an  expander,  the  failure  statistics  are  quickly  obtained 
by  testing  a  single  specimen.^’^  This  relatively  new  method, 
based  on  uniform  fiber  strain,  is  now  being  us^  as  a  routine 
test  to  quality  approval  of  optical  fibers,  at  Swedish 
Telecom.  The  instrument  also  has  proven  useful  for  the  study 
of  low  strength  fibers,  in  experiments  aiming  at  modeling  the 
fatigue  behaviour  of  weak  tows.’  See  Figure  1. 

When  using  the  established  expander  test,  the  stress  corosion 
susceptibility  parameter  "n”  has  to  be  evaluated  following  the 
regular  procerfaire  used  in  otha*  tests.  The  n-parameter  must  be 
determined  Grom  a  series  of  measurements  at  varied  conditions 
as  the  strain  rate,  in  dynamic  tests,  or  at  different  values  of 
constant  load  when  static  testing  is  applied.  A  common 
requirement  to  most  tests  is  the  preparation  of  a  large 
numbo'  qtecimens,  in  order  to  obtain  accurate  average 
values  of  failure  stress  or  time.  However,  the  number  of 
specimens  is  quite  limited  in  expander  tests.  All  data  in 
Figure  1  were  obtained  from  two  specimens  only.  A  series  of 


loads,  or  stress  rates,  must  still  be  applied,  though. 

Great  advantage  would  be,  if  testing  series  of  samples 
were  eliminated  by  a  single  operation.  A  potential  successor 
to  the  original  expander  test  has  therefore  been  studied,  the 
distributed  strain  test,  or  DS  test.  With  a  load  distribution 
based  on  a  linearly  increasing  strain  along  the  fiber,  this 
modified  expander  test  enables  even  more  effective  tests  of 
fiber  fatigue. 

The  mounting  qieration  of  a  single  specimen,  loading, 
and  the  completion  of  the  measurement  compose  the  total 
test.  In  this  respect,  it  will  be  a  radically  new  test  of  fiber 
fatigue. 


Tensile  lest  in  expander,  WeibuU  disliibution 
of  strength  of  ZiO^degraded  and  typical  fiber 


Figure  1.  Expander  tests  of  low-  and  high-strength  optical 
Design 

The  DS  test  is  based  on  the  expander  test,  in  which  a  uniform 
tensile  strain  is  applied  on  the  fiber,  by  winding  it  onto  an 
expandable  drum.  The  diameter  of  the  drum  is  large,  so 
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stresses  caused  by  bending  are  negligible. 

The  significant  idea  of  DS  test  is  to  apply  the  strain  in  a 
way  that  gradually  increases  the  load  from  one  end  of  the  fiber 
to  the  other.  Owing  to  the  the  same  principles  as  the  (Miginal 
expander  test,  there  will  be  no  interference  between  fractures 
occuring  at  different  loads. 

Two  ways  of  accomplishing  this  can  be  distinguished: 
either  the  load  is  applied  by  increasing  it  during  winding  the 
fiber  onto  a  stiff  dram  (this  may  be  complicated  due  to 
(xemature  fiber  failures,  however),  or  by  winding  at  zero 
strain,  and  asymmetrically  expanding  the  dram  at  the 
beginning  of  test,  according  to  Figure  2. 


A  design  based  on  an  expanding  drum  is  preferable, 
because  it  can  be  used  both  for  dynamic  and  static  testing. 
Also,  the  time  to  mount  the  fiber  will  not  be  critical. 

An  ideal  instrument  should  enable  a  synchronized  capture 
of  both  strain  and  time.  But  also  if  the  simplest  possible 
design  and  instrumentation  is  chosen,  it  will  be  useful  for  the 
evaluation  of  the  stress  corrosion  susceptibility  parameter,  n. 
This  will  be  shown  theoretically,  for  optical  fibers  having  a 
constant  value  of  n. 

Such  a  low  cost  design  will  only  capture  the  time-to- 
failure,  any  information  on  the  value  of  strain  will  be  lost.  In 
the  test,  weak  parts  may  fail  at  a  small  stress,  and  strong 
parts  at  higher  stress,  at  the  same  time.  Obviously,  there  is  a 
need  for  a  statistical  method  to  evaluate  the  value  of  "n"  from 
such  a  mess.  A  method  will  be  suggested  below. 

DS  test  simulation 

The  function  of  a  low  cost  DS  test  can  be  simulated 
numerically  by  studying  the  times-to-failure  of  a  fiber 
exposed  to  a  static  load,  which  inaeases  linearly  between  its 
ends,  independently  of  occuring  failures. 

A  large  number  of  data  may  represent  the  lowest  values  of 
strength,  in  different  parts  of  similar  length,  along  the  fiber. 
Data  are  assigned  a  loiown  WeibuU  distribution  of  strength. 
These  data  are  randomly  distributed  along  the  fiber. 

Finally,  a  static  load  is  ^lied,  linearly  increasing  along  the 
fiber,  and  the  time-to-failure  is  calculated  for  all  strength  data. 
The  ordinal  number  of  times-to-failure  is  studied. 

Strength  and  fatigue  of  fiber 
A  WeibuU  distribution  of  initial  strength  is  created  by 
assigning  values  of  initial  strength  oji,  in  ascending  OTder 
from  i=l  to  N  using  the  expression^ 


Ln(i)  =  Ln[^(^r] 

^0  ”Io 

where 

Oii  =  initial  strength  of  order  i 

Gjo  =  site  parameter  of  initial  strength 

m  =  WeibuU  modulus 

Lq  =  reference  length 

Ltot  =  total  length  under  stress 

i.e.: 

/•  \l/m 

ofi  =  oio  (»  r-) 

'^tot 

In  order  to  simplify  the  study  the  assumptions  Ojq  =1  GPa, 
and  Lq  =1  m,  will  be  made.  The  total  length,  I^q^,  is  not 
significant  for  the  study,  but  so  is  the  maximal  number  of 
(measurable)  data,  N.  In  practice,  this  number  is  limited  by 
pressure,  friction  and  stress  relaxation  close  to  the  fractures. 
Because  of  the  proportionality  N  oe  it  is  possible  to  do 
the  substitution  =  N,  which  yields  an  expression  of 
reduced  complexity: 

Assumption:  Oji  = 

This  expression  simplifies  both  the  analysis  and  the  computer 
code.  For  this  reason  the  assumption  N  =  1024  has  been  made 
here.  The  resulting  WeibuU  distribution  is  shown  for  m  =  80 
according  to  Figure  3. 


m=80  N-I024 


The  failure  sites  are  then  randomly  distributed  along  tiie  fiber. 
FinaUy  is  applied  a  constant  stress,  Og,  which  increases 
linearly  from  one  end  of  the  fiber  to  the  other.  According  to 
crack  propagation  theory,  the  time-to-failuie,  tg  ,  for  each 
failure  site  "i”  of  initial  strength  Ojj  is  given  by’ 
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where 


n  =  stress  corrosion  parameter,  assumedly  being  constant 
B  =  fatigue  initiation  parameter 
Frequent  values  for  optical  fibers*  are  B  =  0.05  (GPa)^s,  and 
n  =  20.  The  stress  is  varied  along  the  fiber  within  the  limits 
[0.4  <  Os/Oio  ^  0.8]. 

Because  of  the  varying  strength  of  failure  sites,  and  their 
exposure  to  different  stresses,  the  static  fatigue  of  failure  sites 
will  proceed  with  widely  varying  rapidness. 

If  all  failure  sites  could  be  identified,  and  thus  the  original 
OTder  reestablished  according  to  their  inaeasing  values  of 
strength,  i  =1, 2, ...  N,  one  would  find  a  new  order  of  failures 
with  time,  severely  distorted  from  the  original  order  of 
strength.  The  somewhat  caotic  result  is  shown  in  Figure  4. 

Ideally,  there  is  un  unlimited  number  of  failure  sites  to 
be  activated  in  a  uniform  strain  test.  In  practise,  the  relaxation 
of  tensile  stress  close  to  failed  parts  of  ^e  fiber  will  cause  a 
limited  number  of  failures,  N,  which  are  easily  discerned  from 
failures  "out-of-order".  More  important:  it  is  also  feasible  to 
pin-point  a  certain  number  by  means  of  instrumental  design. 
In  this  study  the  maximal  number  of  failures  is  assumed  to  be 
N=  1024. 


Weibull  data  m^SO,  Identifi«i  failures 
Linear  load  0.4-0.8  (R=2) 


Figure  5.  Pin-pointing  stress-time  data  in  the  DS  test 


M>80  R>2  n=20  N=1024 
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Figure  4.  Ordered  failures  lost  in  time 


Paptiirp.  of  stress  and  time 

An  elaborate  equipment  would  enable  identification  of  both 
the  time-to-failure  and  the  applied  stress,  ccHiesponding  to  a 
certain  failure.  Such  measurements  would  allow  data  to  be 
plotted  according  to  Figure  5. 

From  linear  regression,  the  slope  factor  dlno/dlntg  =  -l^i 
is  obtained.  Such  a  simple  evaluation  of  the  stress  corrosion 
susceptibility  parameter,  n,  would  be  very  attractive. 


Capture  of  time  alone 

A  low  cost  DS  test  can  not  identify  the  stress  which  causes  a 
certain  failure.  Only  the  time-to-failure  can  be  measured.  A 
reasonable  assumption  though,  is  that  there  is  usable 
information  in  just  the  measured  series  of  time-to-failure.  The 
problem  is  how  to  extract  the  essential  part  of  information, 
i.e  the  value  of  n. 

In  Figure  6a,  failures  are  presented  in  an  ascending  order 
of  failure  times:  k  =  1, 2,..,  N,  fw  N  =  1024.  Generally,  k^i. 


Weibull  data  N=1024,  linear  load  0.4-0.8, 
R=2,  in=80,  n=20 
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Evidently,  there  is  a  reasonably  linear  relation  between  k  and 
the  logarithm  of  the  failure  time.  Following  the  same 
procedure,  an  a[^roximately  linear  relation  is  obtained  also 
for  N  =  50,  Figure  6b.  Now  the  slope  has  a  new  value. 


WeibuU  data  N=50,  linear  load  0. 4-0.8 
R=2,  in=80,  n=20. 


Figure  6b.  Assorted  failure  times  in  DS  test 

For  the  sake  of  amusement,  a  series  of  similar  studies  can  be 
made,  applying  different  values  of  the  ratio  R  between  the 
previously  assumed  value  of  maximal  static  stress,  0.8,  and 
the  minimal  stress,  R=<3max/®inin 

By  doing  this  fOT  a  series  of  different  values  on  the  initial 
WeibuU  modulus  m,  a  table  of  data  wUl  give  a  hint  of  what 
relations  might  be  hidden  in  the  DS  test  data.  Table  I. 


The  third  column,  Ak/ALnftg),  is  the  slope  of  linear 
estimates  of  calculated  data.  The  fourth  column  is  a  sound 
choice  by  guess.  Obviously  there  seems  to  be  a  relation; 
Ak/ALn(ts)  “  N/[n  Ln(R)],  within  a  wide  range  of  values  of 
m,  R,  and  N. 

Higher  values  of  m  usuaUy  give  better  linear  estimates.  The 
influence  of  R  on  linearity  varies,  however.  Using  a  typical 
value  for  high  strengh  optical  fibers,  m  =  80,  shows  an 
improved  estimation  when  R  is  reduced  from  8  to  2.  See 
Figure  7. 


Influence  of  R  on  deviation  flrom  linear  (k)-log(t^) 
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Figure  7.  Deviation  from  linear  k-Ln(t)  relation 

ApparenUy  an  optimum  is  being  passed  after  having  applied 
even  smaller  values,  R  =  1.  This  is  evident  in  Figure  7  for 
the  curve  R  =  16/15  which  deviates  significandy  from 
linearity.  The  initial  part  of  data  now  better  follows  another 
relation:  Ln(k)  Ln(ts) 

Generally,  the  function  kOnfi^))  is  crescent-shaped.  This  is 
more  pronounced  for  higher  values  of  R.  A  signiflcant 
improvement  of  the  linearity  may  be  obtained  by  plotting  k 
versus  [l-i-k/N(l-k/N)ln(R)]ln(ts)].  The  slope  of  the  line  also 
is  quite  well  in  accordance  with  the  previous  observations  in 
Table  I.  However,  the  slope  is  consequently  about  5%  smaller 
than  the  factor  N/[nLn(R)].  Further,  the  replacement  of  In(ts) 
is  not  well  justified,  physically.  Finally,  the  choice  of 
Ak/Aln(tg)  turns  out  to  be  surprisingly  good,  according  to 
Table  II.  This  table  shows  simulations  using  typical  values 
of  m  and  n  for  optical  fibers,  and  very  reasonable  values  of 
test  parameters:  N=1024,  and  R=2. 


Table  I.  Slopes  from  linear  curve  fit 
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Ak/ALn(ts) 

75.42,  73.11,  74.82,  74.296,  74.899, 
74.831,  71.909,  72.548,  73.827, 

74.251 

average 

73.99 

stddev. 

1.14 

N/[n-Ln(R)] 

73.86 

N=1024,  R=2, 

m=80,  and  n=20 

Table  n.  Repeatability  of  DS  test  simulations 

The  conclusion  is,  that  the  value  of  Ak/AlnCt^),  from  a  linear 
curve  fit  to  aU  data  should  agree  well  with  a  value  calculated 
from  the  expression  N/tn-Ln{R)].  The  jwoven  relation  enables 
the  determination  of  the  stress  corrosion  parameter,  n,  fiom 
the  formula 

n  =  N/  [Ak/Aln(ts)-Ln(R)] 


In  cases  with  a  ratio  R  very  close  to  unity,  the  logarithm  of 
"k"  versus  Inflj)  will  give  the  best  fit  to  a  straight  line,  see 
Figure  8. 

WUbidldata 

huv  knd  0.79-0.20,  m-OO,  n«i2Q 


b 


•0.5  0  05  1  1.5  2 

Lii(Failw«  i) 


Figure  8.  Logarithmic  plot  (left  curve),  and  linerar  plot  of  k 
(right  curve). 

Figure  8  is  showing  the  same  data  plotted  alternatively  as  k, 
and  ln(k),  respectively,  versus  In(ts).  The  data  were  calculated 
using  R=80/79,  and  m=80.  The  slope  of  Aln(k)/Aln(ts)  is 
very  close  to  the  theoretical  value,  dln(k)/dln(ts)  =  m/(n-2).‘ 

The  ideal  case  of  Rsl  is  studied  in  Figure  9.  This 
corresponds  to  one  and  the  same  load  all  along  the  fiber.  As 
expected,  the  calculated  data  plotted  in  a  log(k)  versus  logftg) 
diagram  will  join  a  line  with  the  theoretical  slope,  m/(n-2). 


Weibull  data,  constant  load 
m»80  R»In>20N«1024 


Figure  9.  Logarithmic  plot  applied  on  R=l. 

Supported  by  the  results  from  simulations,  an  attempt  was 
m^e  to  analytically  derive  expressions  for  the  relations 
between  time-to-failure,  t^,  and  failure  sequence,  k.  See 
equation  (1),  (2),  and  (3)  in  the  Appendix. 

Although  an  exact  expression  could  not  be  derived  fw  the 
general  case,  there  is  a  number  of  special  cases  for  which 
exact  formulas  can  be  derived.  They  describe  the  relations 
between  k  and  t^,  and  the  parameters  n,  R,  and  m, 
respectively.  In  order  to  complete  this  subject,  their 
(terivation  will  be  shown  in  the  ai^ndix. 


Summary 

Without  knowing  the  value  of  N,  the  exact  expression 


(3) 


dln(k)  _  m 
dlnftj)  ~  n-2 

can  be  used  to  thetxetically  determine  the  value  of  n  from  a 
single  test  at  constant  load  (R=l).  In  practice,  the  Weibull 
modulus,  m,  varies,  making  this  method  unreliable. 

Also  under  a  linearly  varying  load  along  the  fiber  (R>1),  a 
single  test  is  sufficient  to  determine  the  value  of  n.  For  a 
fiber  of  uniform  strength  (m-^ro)  the  exact  expression  is 


(k 

dln(g 


N-1 

nln(R) 


(2) 


According  to  the  simulations  made,  this  expression  can  also 
be  applied  on  real  fiber.  For  a  fiber  with  a  constant  value  of 
n,  within  the  ratio  of  R  used,  the  parameter  n  can  be 
evaluated  from  the  formula 

n  =  N/  IAk/Aln(ts)-Ln(R)] 
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Though  being  approximate,  the  results  from  the  formula  are 
quite  good  for  optical  fibers  with  a  typical  distribution  of 
strength  (m=80). 

An  ideal,  evenly  distributed  strain  along  the  fiber  implies  that 
all  failures  occur  without  interference.  Theoretically,  there  is 
an  infinite  number  of  failure  sites,  hence  there  will  be  no 
upper  limit  of  N.  The  analysis  made,  and  the  DS  test 
suggested,  only  works  for  a  limited  value  of  N,  however. 

This  is  an  apparently  intricate  problem,  but  it  is  believed 
to  be  solved,  either  by  the  fact  that  an  ideal  load  can  not  be 
sustained  in  a  real  instrument,  or  by  means  of  design.  The 
friction  can  be  controlled  periodically  along  the  fiber,  thus 
allowing  up  to  a  fixed  number  of  failures  during  test.  Such  a 
design  is  equivalent  to  a  division  of  the  specimen  into  a 
number  of  N  independent  specimens,  which  is  also  assumed 
in  the  analysis. 

The  v^ue  of  N  has  a  very  small  influence  on  the 
evaluation  of  the  parameter  n.  In  practise,  the  value  of  N  will 
be  in  the  range  100-1000,  which  is  sufficient  to  allow  an 
accurate  evaluation  of  n  for  typical  optical  fibers,  using  a 
design  with  a  ratio  R=2. 

Before  testing,  a  proper  combination  of  and  R  should 
be  chosen,  to  allow  capture  of  all  failures  within  reasonable 
time.  A  suitable  design  of  the  instrument  will  facilitate  the 
control  of  N  during  the  DS  test. 
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i\ppendix 


k  number  of  expressions  can  be  derived,  which  describe  the 
relation  between  the  sequence  of  failures  in  time,  k,  and  the 
time-to-failure,  t^,  for  each  failure,  under  static  stress. 

In  two  cases,  R=l,  and  m-^oo,  the  relation  can  be 
expressed  exactly. 

A  derived  general-case  expression  is  only  approximate, 
due  to  the  randomness  involved. 

In  order  to  keep  the  derivation  clear,  the  assumptons  made 
are:  Ojq  =1  GPa,  Lg  =1  m.  These  assumptions  will  not 
influence  the  results. 

E)efinitions  The  variation  of  strength  and  applied  stress 
are  given  by  two  expressions.  The  first  expression  is 


<Jli=  (^)’ 


where 

Oji  =  initial  strength  of  order  i 
m  =  initial  value  of  Weibull  modulus 
i  =  ordinal  number  of  strength 
N  =  maximal  number  of  failures,  asummedly  being  fixed. 

According  to  the  previous  chapters,  this  simplified 
expression  models  the  initial  strength  of  a  failure  site  with 
ordinal  number  i,  in  an  ascending  order  of  strength. 

The  other  expressior\  is 

R=(2sniai) 

^smin 

R  is  a  design  parameter  which  defines  the  limits  of  applied 
static  stress  along  the  fiber.  R  >  1. 

Failure  sequence  at  general  variation  The  sequence  of 
failures  in  time  is  k  =  1,  2,...,  N.  N  is  the  last  failure.  In 
general,  k  i,  but  doing  the  approximation  i  =  k  enables 
analysis. 

The  first  failure,  at  k  =  1,  having  an  initial  strength  of 
Oji,  will  assumedly  occur  at  the  highest  stress,  = 

R-Ogmin-  corresponding  time-to-failure  is 


const  /  «ll  ^n 
~  ^ 

®Il  R  ®smin 

The  last  failure,  at  k  =  N,  is  assumed  to  occur  at  the  lowest 
stress,  Og  =  Ogn,jn.  The  initial  strength  is  Oysf.  and  the 
corresponding  time-to-failure  is 

OiN  ®sinin 

The  assumption  R  >  1  implies  that  tgi  ^  tg^vf.  Combination 
of  the  time-to-failure  at  k=l  and  k=N  yields 


Ak  N-1 

Aln(ig)  “  ln(tsN)-ln(tg]) 


OlN  Oil 


dk 

dln(tg) 


nln(R)  +  (n-2)ln(. 


The  expression  can  be  simplified,  by  applying  the  definition 
of  the  initial  strength  at  i  =  1  and  i  =  N, 


dc 

dln(g 


nln(R)  +  ^(N) 
m 


The  above  expression  is  not  exact  since,  in  general,  i  5*  k . 

Failure  sequnce  at  uniform  strength.  The  case  m— >00 
implies  that  Opg  =  On-  Insertion  in  equation  (1)  gives 

(2) 

dln(g  nln(R)  ^  ^ 

The  data  will  thus  lie  along  a  straight  line  in  a  (k)  versus 
logftg)  diagram. 

Failure  sequence  at  uniform  stress.  Another  case  of 
interest  is  when  R  ->  1.  The  equality  R  =  1  implies  that  the 
sequence  of  time-to-faUure  exactly  follows  the  sequence  for 
initial  strength,  i  =  k.  Apply  this  equality  on  the  definition 
of  initial  strength. 


<Jlk=  (jq-) 


k  \l/m 


The  strength  ratio  between  two  following  failures,  k  resp 
k+1,  is 

=  (1*  i)''"’ 

®Ik 

Insertion  in  equation  (1)  yields 

dk  ^ _ k-i-l-k _ 

‘**"^*s^  nln(R)  +  (n-2)ln(l+^)‘'’" 

By  applying  R  s  1  and  k  »  1  one  gets 


(k 

dln(g 


(n-2)ln(l+j) 


dln(k)  _  jn_ 

dln(g  ■  n-2  ^  ^ 

Evidently,  the  data  will  now  lie  along  a  straight  line  in  a 
log(k)  versus  log(tg)  diagram. 
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Abstract 

The  available  frequency  band  for  mobile  communica¬ 
tion  is  generally  divided  into  tree  zones (150MHz. 
400MHz. 800MHz)  for  service  .  and  the  LCX  cable  has 
been  widely  used  in  the  field  of  mobile  communica¬ 
tion  system. 

Recently  the  frequency  band  tends  to  expand  wider 
according  to  diversification  of  various  services, 
but  no  conventional  LCX  cable  could  cover  whole 
frequency  band  by  one  cable. 

We  present  radiating  design  concept  and  evaluated 
characteristics  of  new  LCX  cables  which  has  advan¬ 
tageous  radia*'ng  and  low  transmission  loss  in 
whole  frequency  band  with  high  performance  of  heat 
resistant. 


Aval lablc 
Frequency  bands 


I 

1 

■ 

1 

1 

1 

’t 

1 

1 

■ 

1 

1  Ultra-high-band  *idth  Heat  Resistant  LCX  | 

ilSHI 

1 

80  150  ?'J0  400  650  850 


(FM  radio) 

f  police  radios 


f  police  radios 
U  railvay  radios 


]  C 


Auto  Mobile 
telephones 


D 


1.  railvay  radios  J 

frequency 


(MHz) 


Fig.  1  Zo.ie  of  available  frequency 


1.  Introduction 

Leaky  coaxial  (hereinafter  called  LCX)  cables  pro¬ 
vide  an  antenna  function  as  well  as  a  function  for 
supplying  electric  power  to  distributed  repeaters. 
LCX  cables  are  widely  used  in  Japan  mainly  for 
railway  radios,  police  and  fire  fighting  radios, 
automobile  telephones  and  portable  telephones. 

In  addition,  they  are  also  used  extensively  as  a 
countermeasure  of  communication  tool  in  tunnel 
sections  and  underground  shopping  areas,  which 
impede  radio  wave  propagation.  Moreover. LCX  cables 
are  widely  used  for  mobile  radio  communication. 
Their  available  frequency  bands  are  generally  div¬ 
ided  into  three  zones;  150  MHz  zone.  400  MHz  zone, 
an  '  800  MHz  zone  . 

In  recent  years,  mobile  radio  communication  is  one 
of  the  market  fields  that  has  grown  rapidly,  and 
the  diversion  of  the  services  causes  the  users  to 
have  a  strong  need  for  the  broadband  frequencies. 
And  it  has  been  strongly  demanded  to  develop  a  new 
type  LCX  Cable  which  is  capable  of  covering  the 
wide  range  of  frequency  zone  from  80MHZ  to  800MHZ 
(we  call  it  as  “ultra-high-bandwidth"  ). 

This  paper  describes  a  ultra-high-bandwith.  heat 
resistant  LCX  cable  which  meets  the  growing  deman¬ 
ds  of  bandwidth  as  shown  in  Figure  1.  so  as  to  sa¬ 
tisfy  the  requirements  of  the  80  MHz  zone  in  addi¬ 
tion  to  the  150  MHz  to  800  MHz  zone. 

This  paper  also  introduces  two  types  of  newly  dev- 
elopped  ultra-high-bandwidth,  heat  resistant  LCX 
cables  of  different  feed  loss  levels,  taking  into 
account  grating  in  a  real  system. 


2.  Cable  Structure 

Figure  2  shows  the  structural  drawing  of  ultra- 
high-bandwidth.  heat  resistant  LCX  cabie  and  the 
structural  specifications. 

The  center  conductor  is  an  annealed  copper  pipe  of 
approx. 17. 3  mm  in  outside  diameter  and  approx. 1.0 
mm  in  thickness.  Insulating  material  of  polyethy¬ 
lene  string  is  extruded  around  the  center  conduct¬ 
or  in  a  spiral  fashion.  In  addition,  the  spiraly 
string  is  covered  with  extruded  polyethylene  tube 
of  approx. 43  mm  in  outside  diameter  to  form  insul¬ 
ation  structure.  Glass  tape  is  wound  in  layers 
around  the  insulation  to  form  a  heat  resistant  la¬ 
yer.  An  outer  conductor  adopts  an  annealed  copper 
tape  of  approx. 0.15  mm  in  thickness.  Holes  called 
“slots"  are  arranged  on  the  outer  conductor  to  ge¬ 
nerate  radiation  of  radio  waves,  determining  the 
characteristics  of  radio  wave  radiation.  For  the 
sheath,  flame  retardant. polyvinyl  chloride  is  ext¬ 
ruded  in  the  shape  of  a  figure-eight  crosssection 
together  with  a  support  wire  (galvanized  stranded 
steel  wire). 

Structural  key  points  include  a  slot  arrangement 
design  for  the  outer  conductor  for  bandwidth,  and 
the  use  of  copper  "ipe  and  copper  tape  in  place  of 
conventional  alum,  .lum  pipe  and  aluminium  tape  for 
both  conductor  for  reducing  transmi.s.sion  loss  in 
the  high  frequency  range. 
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3.  Broadband  Radiation  Characteristics. and  Grating 
This  section  outlines  the  broadband  of  LCX  cable 
radiation  characteristics  as  well  as  grating  char¬ 
acteristics  which  is  part  of  the  structure  of  a 
general  LCX  cable  communication  system. 

3-1  Radiation  principle 

Electric  current  flows  in  the  cable  axis  direction 
through  an  outer  conductor  of  normal  coaxial  cable 
which  is  not  adopting  the  slot  structure  (Figure  3 
(a) ) .  Arrangement  of  slots  on  the  outer  conduct¬ 
or  causes  the  electric  current  to  be  disturbed, 
resulting  in  the  generation  of  an  electric  field 
in  the  slot  in  vertical  direction  to  slot  lengthw¬ 
ise  (Figure  3  (b) ) .  This  field  is  the  source  of 
radio  wave  leakage  to  the  outside  of  the  cable 
(Figure  3(c)).  This  paper  considers  such  an  elec¬ 
tric  field  with  slots  periodically  arranged.  Under 
this  case  it  is  assumed  that  a  long  array  antenna 
is  used;  the  paper  analyzes  the  situation  as  a 
case  of  an  array  antenna  of  infinite  length. 


Current  flows 

I  conductor 


(a)  (b) 


Electric  field 


(c) 


Fig.  3  Leakage  from  slots 


I 


Fig.  4  Zigzag  slots  array 


As  shown  in  Figure  5,  transmission  of  electromagn¬ 
etic  waves  radiated  from  arrays  S;.S  .  etc.,  of 
waves  sources  having  equal  wave  source  strength  in 
a  direction  of  i  viewed  totally  requires  establi¬ 
shing  the  following  relationship: 

(Phase  of  wave  source  S; . ; -K-S; . ;  ff7T~) 

-  (Phase  of  wave  source  S:  -  K-Si (4: )  =  2mt  (1) 

However,  the  following  must  be  satisfied: 

n  =  0.  ±1.  ±2  ... 

K  =  2n  /  K  (A:  wave  length  in  free  space) 

If  this  relationship  is  applied  to  Figure  4: 

(1)  Component  of  the  electromagnetic  wave  by  the 
array  of  Ez  component 

-Bg  I  +  K  I  sin  J  =  2n7C 

i  :  r.,  =  sin  -1  (  Y  +  4  >  '2) 

However,  the  following  must  be  satisfied: 

m  =  2n.  Bg  =  2'7i/Ag  (Ag:  wave  length  in  the 

cable) 

V:  wave  length  reduction  factor  (Ag=VA) 

(2)  Component  of  the  electromagnetic  wave  by  the 
array  of  E4>  component 

(-Bg-  -  It  )  +  K  sinir  n:  =  2n7t 

.-.  i  0  ...  =  sin  -1  (  Y  ^  4  >  <2) 

However,  the  following  must  be  satisfied: 
m  =  2n  +  1 

The  following  is  obtained  with  formulae  (2)  and  (3) 
thrown  into  one: 


I  m  =  sin  -  1  (  Y^  ^ 

ra  =  0.  ±1,  ±2,  ... 

Existence  of  a  real  number  solution  in  formula  (4) 
generates  radiation  waves,  and  the  transmission  of 
radio  waves  is  put  into  effect  in  the  direction 
away  from  the  cable  axis.  The  condition  of  having 
a  real  number  solution  is  as  follows: 


/  /  / 

/  .  /  / 

'  ‘t/  /  Fase  of  wave 

/  /  /  s 


Fig.  5  Transmission  of  electromagnetic  waves 


3-2  Broadband  radiation  characteristics 
Since  radio  waves  are  radiated  in  the  range  given 
in  the  formula  (5).  this  formula  indicates  that 
radio  waves  are  radiated  in  various  modes  by  m. 
Applications  of  the  cables  to  mobile  radio  commun¬ 
ication  requires  that  components  be  radiated  for 
only  one  of  m  and  to  add  a  condition  for  surface 
waves  for  the  other  m.  Without  this  condition. 
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leakage  of  waves  having  multiple  modes  with  diffe¬ 
rent  space  transmission  constants  can  be  existent, 
resulting  in  being  accompanied  by  many  standing 
waves  which  are  interfering  with  each  other. 
Thereby,  a  favorable  communication  line  is  diffi¬ 
cult  to  construct. 

In  order  to  satisfy  above  condition. "zigzag  slots" 
as  shown  in  Figure  4  has  been  widely  used  as  one 
of  the  most  typical  slot  arrangement  and  has  been 
satisfying  the  requ-irement  of  ordinary  frequency 
zone.  In  the  case  of  "zigzag  slot"  pattern,  the 
following  inequalityis  obtained  owing  to  the  form¬ 
ula  (5) . 

I  (1+  ^  I  <  'V  ^  +  I  * 

This  inequality  means  that  the  ratio  of  the  upper 
limit  to  the  lower  limit  in  the  available  frequen¬ 
cy  zone  is  2:1  because  of  m-th  higher  modes  radia¬ 
tion  which  is  determined  by  "zigzag  slots"  pattern 
So  this  concluded  that  radio  waves  can  be  radiated 
from  70MHz  (that  is  the  lower  limitof  80MHZ  freque¬ 
ncy  zone)  upto  maximum  frequency  of  only  140  MHz. 

In  order  to  obtain  much  wider  frequency  zone  of 
radiated  waves,  it  is  nessesaly  to  control  m-th 
modes  radiation.  The  electromagnetic  waves  in  the 
m-th  mode  are  radiated  by  the  m-th  higher  harmonic 
wave  resulting  from  Fourier  series  expansion  of 
the  5  function  in  which  the  strength  distibution 
of  the  wave  source  expressed.  If  distribution  of 
wave  source  strength  is  in  sine  wave,  none  of  the 
m-th  higher  harmonic  wave  is  radiated  except  only 
one  mode. 

So  we  studied  the  slot  structure  where  the  streng¬ 
th  of  the  wave  source  is  distributed  in  the  sine 
wave  as  shown  in  Figure  6.  In  the  case  of  this 
sophisticated  "sine  wave  slots"  pattern,  the  foll¬ 
owing  inequality  shall  be  obtained  owing  to  the 
formula  (5). 

(1  +  )  S  ^  (1  +  )  (7) 

This  inequality  means  that  the  arrangement  shown 
in  Figure  6  allows  the  ratio  of  the  upper  limit  to 
the  lower  limit  in  the  available  frequency  zone  to 
be  broadened  up  to  14:1  which  is  determined  by 
sine  wave  slots"  pattern.  This  conclude  that 
radio  waves  at  the  lower  limit  frequency  of  70  MHz 
can  be  radiated  upto  a  maximum  of  980  MHz. 


Fic-  S  U 1 t ra-H i fh-Band  Width  Slots  Construction 


3-3  Grating 

Figure  7  shows  a  configuration  of  a  communication 
system  that  uses  grating.  When  radio  waves  are 
received  by  an  antenna  to  which  the  power  is  supp¬ 
lied  from  the  end  of  an  LCX  cable,  and  which  allow 
a  certain  distance  from  the  cable,  the  radio  wave 
reception  level  in  the  direction  of  the  cable  axis 
becomes  lower  because  of  cable  transmission  loss 
when  the  length  of  the  cable  is  longer.  However, 
if  the  antenna  is  connected  to  another  LCX  cable, 
whose  radio  wave  leakage  is  more  than  that  of  the 
above  LCX  cable,  the  reception  level  is  recovered. 
This  recovery  should  be  determined  by  a  transmiss¬ 
ion  system  configuration  called  "grating". 
Characteristic  of  LCX  cables  that  compensates  the 
reduction  of  reception  level  due  to  the  cable  tra¬ 
nsmission  loss  with  the  increase  of  wave  leakage. 
Generally,  the  difference  in  radio  wave  leakage  be 
tween  these  LCX  cables  is  approximately  10  dB. 

Two  types  of  ultra-high-bandwidth,  heat  resistant 
LCX  cables  have  been  manufactured,  taking  into 
account  the  frequency  dependency  in  the  radio  wave 
leakage  and  the  difference  of  10  dB  in  leakage 
level. 


Fig.  7  Outline  of  grating  system 

4.  High  Frequency  Characteristics 
The  two  types  of  cables  manufactured  were  measured 
with  respect  to  three  items;  coupling  loss,  trans¬ 
mission  loss,  and  voltage  standing-wave  ratio  (her¬ 
einafter  called  VSWR) .  These  three  items  are  gen¬ 
eral  high  frequency  characteristics  that  up  to  now 
have  been  a  requirement  for  LCX  cables. 

4-1  Coupling  loss 

Figure  8  outlines  the  measurement  of  coupling  loss. 
The  coupling  loss  indicates  value  for  the  amount 
of  radio  wave  leakage.  The  coupling  loss  is  a 
ratio  between  the  power  of  the  transmission  signal 
(Pt)  through  an  LCX  cable  of  approx.  50  m  extended 
on  concrete  surface  and  the  power  of  reception  (Pt) 
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for  continuously  receiving  circumference  directio¬ 
nal  components  of  radiation  waves  in  a  lengthwise 
direction  from  the  cable,  when  a  half-wave  length 
dipole  antenna  is  installed  at  a  point  which  is 
above  and  1.5  ra  away  from  the  cable.  The  coupling 
loss  is  defined  as  shown  in  the  following  formula; 

(Coupling  loss)  =  -10  log;  Pr/Pt  (dB)  (8) 


Fig.  8  Measurement  method  of  coupling  loss 


Figure  9  shows  the  measurement  results  for  each 
representative  frequency  used.  Figure  10  shows  the 
frequency  dependence  in  the  coupling  loss. 

In  Figure  10.  the  area  marked  by  slanted  lines 
indicates  an  area  of  coupling  loss  (range  of  normal 
coupling  loss)  applicable  to  existing  LCX  cables. 
In  an  area  of  the  working  frequency  zone  which  80 
to  800  MHz.  both  newly  developed  cables  A  and  B 
are  found  to  provide  sufficient  radiation  charac¬ 
teristics.  In  addition,  a  difference  in  the  coup¬ 
ling  loss  between  the  two  prototype  of  cable  was 
approximately  10  dB.  an  optinum  value  for  grating. 

4-2  Transmission  loss 

Figures  11  and  12  show  the  results  of  having  meas¬ 
ured  the  transmission  loss  in  a  condition  where  an 
LCX  cable  is  extended  on  concrete,  in  the  same  way 
as  described  in  Paragraph  4-1.  For  the  reference, 
a  standard  transmission  loss  is  indicated  when 
aluminium  are  adopted  for  both  center  and  outer 


Fig.  9  Coupling  Loss  (D 


Frequency  TMH;) 

Fig.  10  Coup!  ing  loss  Cg) 
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conductors.  From  the  results,  transmission  loss 
is  found  to  be  reduced  in  the  high  frequency  area. 


Frequency  (MHz) 

Fig.  11  Transmission  loss  for  TYPE  A 


5-1  Bending  test 

Though  a  general  bending  test  requires  that  the 
LCX  cable  be  bent  twice  in  different  directions  by 
180  degrees,  using  a  mandrel  whose  diameter  is  30 
times  of  the  LCX  outer  diameter. 

The  bending  test  was  carried  out  under  more  severe 
conditions;  i.e.,  the  diameter  of  the  mandrel  used 
for  the  test  was  23  times  that  of  the  cable  outer- 
diameter.  This  test  confirmed  that  there  was  no 
cracks  at  neither  the  center  conductor  nor  the 


outer  conductor. 

5-2  Vibration  test 

This  test  assumes  vibrations  due  to  wind  force, etc. 
created  primarily  by  a  fast  moving  trains.  This 
test  confirmed  that  none  of  the  center  conductors, 
outer  conductors,  insulating  materials  and  sheath 
of  these  cables  were  cracked  after  having  received 
vibrations  200.000  times. 


80  150  400  850 

Frequency  lUHzl 


Fig.  12  Transmission  loss  for  TIPE  B 
4-3  VSWR 

Figure  13  shows  the  maximum  value  of  VSWR  in  each 
frequency  zone.  Moreover,  for  reference  purposes, 
the  standards  of  existaing  LCX  cables  are  shown  in 
Figure  13.  The  VSWR  of  existing  LCX  cables  is  de¬ 
fined  as  being  1.5  or  less  in  the  working  frequen¬ 
cy  range.  The  ultra-high-bandwidth  LCX  cable  des¬ 
cribed  at  this  time  was  confirmed  to  have  a  maxima 
m  VSWR  of  1.5  in  each  frequency  range. 


Frequency  (MHz) 

Fig.  13  Maximum  value  of  VSWR 


5.  Mechanical  Characteristics 
Table  1  shows  the  evaluation  of  mechanical  charac¬ 
teristics  provided  by  the  cables. 


It  was  confirmed  from  the  above  results  that  these 
newly  developed  cables  provide  characteristics 
higher  than  or  equal  to  those  of  existing  cables 
with  respect  to  estimated  bend  at  the  time  of 
installation  and  vibrations  after  installation. 


Table  1  Outline  of  mechanical  tests 


Test  method 


'Bending  | 
I  test i 


Cable  Mandrel 


Condition 

I  -Cable  length 
!  5m 

'  -Mandrel  dia. 

I  1200mm 

i -Bending  times 
I  twice 

j -Bending  angle 
!  180“ 


Fixed  Fixed '-Cable  length 

\  vibration  j  1.3m 

point  /  ' -Amplitude 

I-  _ ,  !  30Hz 


6.  Heat  Resistant  Characteristics 
Since  LCX  cables  are  to  be  frequently  used  facil¬ 
ities  in  tunnel  sections  and  underground  areas  etc 
where  disaster  should  be  prevented.  LCX  cable  sh¬ 
all  also  be  required  to  have  heat  resistance  perf¬ 
ormance  characteristics  to  meet  such  applications. 
To  confirm  the  heat  resistanceperformance  charact¬ 
eristics  of  these  cables,  a  heat  resistant  test 
was  carried  out  as  described  below. 


6-1  Test  method 

Figure  14  outlines  the  test  method.  A  test  piece 
of  about  1.3m  in  length,  given  a  weight  twice  that 
of  cable  under  testing,  is  fixed  at  the  position 
shown  in  figure  14  in  a  furnace  specified  by  JIS 
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(Japanese  Industrial  Standard)  A  1305  "Vertical 
and  CoBpact  Heating  Furnace  and  its  Adjustment." 
According  to  the  heating  curve  specified  by  JIS  A 
1304  “Fire  Resistance  Test  for  Building  Construc¬ 
tion,"  the  test  piece  is  then  heated  to  a  maximum 
of  420  T:  using  a  1/2  standard  heating  curve  for 
30  minutes  to  measure  the  items  listed  in  Table  2. 

6-2  Test  results 

Table  2  provides  the  results  of  the  test  and  gene¬ 
ral  standards.  The  test  confirmed  that  these  cab¬ 
les  have  sufficient  heat  resistant  characteristic- 
s  with  respect  to  each  test  items. 


7.  Conclusion 

We  have  developed  the  ultra-high-bandwidth,  heat 
resistant  leaky  coaxial  cables  that  are  applicable 
in  the  whole  working  range  of  existing  leakage  co¬ 
axial  cables  and  are  capable  of  expanding  their 
band  areas  to  80  MHz  -  800  MHz  frequency  zone. 

As  the  results  of  evaluation  tests,  developped  ca¬ 
bles  were  prove  to  have  sufficient  radio  wave  rad¬ 
iation  characteristics  and  low  loss  transmission 
characteristics  and  are  excellent  in  mechanical 
strength. 
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Fig.  14  Heat  resistant  test 


Table  2  Test  items  and  result  for  heat  resistant  test 


Item 

Short  circuit 

Insulation  Resistance 

Burned  cable  length 

V.S.W.R. 

1 

Measuring  Method 
Condition  etc. 

A. C. Voltage  of  600V 
shall  be  applied 
between  center 
and  outer  conductor. 

D.C.  Voltage  of  SOOV 
shall  be  applied 
between  center 
and  outer  conductor 

Burned  cable  length 
of  outside  of  furnace 
shall  be  aeasured. 

80MHz  zone 

150MHz  zone 

400MHz  zone 

BOOMHz  zone 

«9 

saaple  1 

Good 

100  MO  S 

0  mm 

Max.l.S 

9 

M 

saaple  2 

Good 

100  Mn  S 

0  mm 

Max. 1.2 

ee 

saaple  3 

Good 

100  Mn  S 

0  mm 

Max. 1.4 

General  Standard 

Good 

0.4  Mn  ^ 

150  mm  2 

5.0  2 
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LEAKY  OR  RADIATING  ?  RADIATION  MECHANISMS  OF  RADIATING 
CABLES  AND  LEAKY  FEEDERS  -  CHANNEL  TUNNEL  APPLICATIONS 

Andre  LEVISSE 


RFS  FRANCE  -  Departement  Haute  Frequence 


Abstract:  Radiating  mode  cables  show 
major  advantages:  low  coupling  loss, 
field  stability,  insensitivity  towards 
surroundings,  etc.  They  are  propagative 
solutions  of  Maxwell's  equations  and 
correspond  at  finite  distances  to 
radiation  pattern  lobes  at  infinity; 
they  rely  on  in-phase  addition  of  the 
fields  radiated  by  all  slots.  This 
property  is  frequency-independent:  there 
is  no  resonance  effect. 

The  new  generation  of  radiating  mode 
cables  is  based  on  a  periodic  pattern  of 
slots  that  generates  one  single  radiating 
mode  over  a  very  broad  frequency  range. 
Such  cables  have  already  been  widely  used 
in  major  projects:  more  than  260 

kilometers  of  7/8"  radiating  cable  make 
up  the  radiating  cable  system  of  the 
Channel  tunnel  between  France  and  Great 
Britain. 


I  -  THEORETICAL  APPROACH 

I-l  Coupled  modes-Radiating  modes 

1-2  Lobes  and  modes 

I- 3  Hide  band  tuning 

II  -  ADVANCED  DESIGN 

II- l  Higher  modes 

II-2  Design 

I I - 3  Performances 

III  -  CHANNEL  TUNNEL  APPLICATIONS 

III- l  Tunnel  system 

III-2  Shuttle  system 

CONCLUSION 
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Mobile  radio  communications  today 
show  the  following  trends: 

-towards  higher  frequencies:  applications 
shift  from  50-150  MHz  to  450-1800  MHz 
ranges . 

-towards  higher  quality  links:  digital 
transmissions,  high  baud  rates... 

-towards  a  denser  integration  in  urban 
zones  and  confined  areas:  tunnels,  half- 
buried  motor  ways,  underground  parking 
lots,  etc. 


Due  to  multipath  and  absorption  in 
these  areas,  transmission  by  means  of 
antennas  is  often  difficult;  this  is  why 
a  major  interest  in  devices  such  as 
radiating  cables  has  developed  in  the 
recent  years.  Radiating  cables  permit 
reliable  communication  whatever  the 
intrinsic  quality  of  the  propagating 
environment  may  be.  Several  years  ago, 
the  RFS  group  launched  an  extensive 
research  program  to  overcome  limitations 
of  leaky  feeders : 

-high  coupling  loss,  increasing  with 
frequency. 

-strong  environmental  influences, 
leading  to  high  "safety  factors"  in  power 
budgets . 

-high  scattering  of  fields,  this 
being  inappropriate  for  high  quality 
links 

Research  directions  were: 

-to  manufacture  long  slots  instead  of 
small  apertures  in  the  outer  conductor  of 
the  coaxial  cable.  Long  slots  would 
behave  as  much  better  antennas  . 

-to  determine  if  RADIATING  MODES, 
which  are  theoretically  calculated,  could 
be  found  experimentally  and  produced  by  a 
periodic  array  of  slots. 

Results: 

A  large  amount  of  data  has  been 
collected  by  computerized  test  equipment 
and  shows  the  influences  of  the  various 
parcuneters:  distance,  polarisation, 
environment,  phenomena  of  the  end  effect 
and  frequency. . . 

Experimental  evidence  of  radiating 
modes  has  been  found  and  theory  has  been 
fully  confirmed.  Radiating  modes  have 
shown  major  advantages: 

-Slots  act  "in-phase",  thus  leading 
to  very  good  radiation  efficiency  (low 
coupling  loss) 

-Only  one  definite  mode  propagates, 
thus  avoiding  nulls  and  scattering  of 
fields . 
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-Environment  sensitivity  is  strongly 
reduced . 

-Broad  band  use  (100-1800  MHz  for 
ex.)  and  operation  of  receiving- 
transmitting  devices  are  maintained. 


This  article  is  an  introduction  to 
radiating  mode  cables;  its  main  objective 
is  to  educate  the  reader.  It  quickly 
leaves  Maxwell's  equations  and  adopts  a 
more  intuitive  approach  based  on  long- 
wire  antenna  radiation  pattern  lobes.  The 
design  of  the  new  generation  of  radiating 
cables  is  then  introduced,  and  aspects  of 
real-scale  applications  in  the  Channel 
Tunnel  between  Great  Britain  and  France 
will  be  given  as  a  conclusion. 


I -THEORETICAL  APPROACH 

I-l  Coupled  modes  -  Radiating  modes 

Cylindrical  co-ordinates  are  of 
course  fitted  to  the  application  of 
Maxwell's  equations  governing  the  fields 
around  the  radiating  cable: 


He  start  from  Helmholz's  equation  in 
free  space: 


(1) 


where  H  is  the  magnetic  field  vector, 
t,  the  time,  and  c  is  the  velocity  of 
light  ,  =  3.10®  m/s. 


we  look  for  solutions  of  the  form: 

H(  r,  0,  z  ,  t  )  =  M(r)  e'iP^  ei®t  ^ 
where : 

r  is  the  distance  to  the  cable's  axis, 
z  is  the  distance  along  this  axis 
to  is  the  angular  frequency  of  the  wave 
t  is  the  time 

3  is  the  phase  velocity  along  the  z-axis 
M(r)  describes  the  decrease  of  the  field 
versus  distance. 


Helmoltz 

'a  equation 

is  transformed 

into 

an  expression  which 

only  depends  on 

M(r)  : 

(k2  = 

— )  • 

3®M 

dr^ 

1  SM 
r  ^  ^ 

-  02)  M  =  0 

(2) 

The  solution  M(r)  which  satisfies 
equation  (2)  ,  can  be  expressed  in  terms 
of  Bessel -type  functions,  as  usual  when 
using  cylindrical  co-ordinates.  The 
behaviour  of  these  functions  is 
fundamentally  dependant  on  the  sign  of 
expression  (3) : 


If  negative,  M(r)  is  similar  to  an 
exponential  decrease  of  r  (Vanishing 
field) ;  if  positive,  M(r)  is  similar  to 
an  imaginary  exponential  of  r 
(Propagating  field) 


Coupled  modes: 


If  quantity  (3)  is  negative  (k^-  pure 
imaginary) ,  we  speak  of  Coupled  modes . 
These  solutions  show  a  power  flow  which 
is  parallel  to  the  cable  axis. 
Electromagnetic  energy  is  concentrated  in 
the  close  vicinity  of  the  cable  and 
decreases  quickly  with  distance:  this  is 
why  these  modes  are  sometimes  referred  to 
as  "surface  waves".  The  modes,  confined 
around  the  cable  axis,  are  partially 
diffracted  by  surrounding  obstacles  and 
discontinuities  (clamps,  walls)  a 
fraction  of  the  power  is  randomly 
radiated  radially^ . 
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Radiating  modes: 

If  quantity  (3)  is  positive  (kj. 
real),  we  speak  of  radiating  modes.  These 
modes  correspond  to  in-phase  addition  of 
all  apertures.  They  appear  for  only  very 
well  defined  slot  arrangements,  and  over 
a  well  defined  "Radiated  mode  frequency" 
Fr,  BUT  ARE  NOT  NARROW  BAND:  there  is  no 
tuning  effect  comparable  to  those 
encountered  with  antennas. 


He  can  represent  each  radiation 
contribution  by  a  small  arrow  whose 
length  represents  the  air^litude  of  the 
radiation,  and  whose  direction  represents 
the  phase.  As  we  move  far  from  the  array, 
all  lengths  are  equal . 

If  the  phase  difference  between  two 
adjacent  apertures  is  different  from  360 
degrees,  the  arrows  will  constantly  turn, 
and  the  overall  radiation  will  be  null: 
there  is  no  radiation  in  this  direction. 


1-2  Lobes  and  modes 

Most  radiating  cables  rely  on  an 
periodic  array  of  slots  manufactured  in 
the  outer  conductor  of  a  coaxial  cable. 
We  have  so  far  given  the  basic 
definitions  of  the  modes  of  a  radiating 
cable.  For  such  periodic  structures,  we 
can  now  leave  Maxwell ' s  equations  to 
adopt  a  more  intuitive  approach  based  one 
the  following  principle: 


A  MODE  is  the  finite  distance 
corresponding  to  a  LOBE  on  a  far-field 
radiation  pattern. 


For  this,  let  us  consider  radiation 
in  one  direction  characterized  by  the 
angle  0,  of  an  infinite  array  of 
apertures,  fed  by  a  travelling  wave.  The 
radiation  of  all  apertures  will  add  up 
with  respect  to  their  phase  delay 

k{-fe^  -  008  €)P , 


e  relative  permittivity  inside  coaxial  cable  >  1 .23 


'\  V 


If  the  phase  delay  between  two 
adjacent  apertures  is  360  degrees,  all 
radiation's  will  add  up  to  give  a 
tremendous  radiation  in  the  corresponding 
direction:  a  LOBE. 

'7 


If  the  distance  between  slots  is 
small  con^ared  to  the  wavelength,  the 
phase  delay  between  two  adjacent 
apertures  will  always  remain  much  smaller 
than  360  degrees,  and  fields  will  not  add 
up:  we  are  in  the  COUPLED  MODE 

configuration : 

-low  radiation 
-high  scattering 

This  is  typical  at  low  frequencies. 
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If  a  major  lobe  exists,  then  the 
behaviour  drastically  changes: 

-low  scattering 
-definite  waves 
-high  radiation. 

This  behaviour  appears  as  soon  as  the 
wavelength  becomes  comparable  to  the 
distance  between  two  apertures,  over  the 
frequency  F^.  defined  by: 


c 


(4) 


RADIATING  MODES  correspond  to  in-phase 
addition  of  the  radiation  of  the 
apertures,  this  ejcplains  their 
efficiency. _ _ _ 


1-3  Wide  band  tuning 

If  we  try  to  push  this  approach 
forward,  we  encounter  some  difficulty: 
The  radiation  lobe  of  an  array  of 
antennas  changes  direction  as  frequency 
changes:  such  an  array  is  narrow-band. 
How  can  this  be  con^jatible  with  wide  band 
radiating  cables? 


Let  us  consider  the  same  array  as 
above,  at  a  definite  frequency.  We 
suppose  it  shows  a  lobe  at  infinity  in 
the  45  degree  direction.  This  means  that 
in  this  direction,  slot  radiation  add  up, 
and  that  in  other  directions,  they 
somehow  cancel .  Let  us  come  back  to  a 
finite  distance,  i.e  5  feet  from  the 
cable,  and  try  to  answer  to  the  question 
"Which  part  of  the  cable  makes  the  major 
contribution  to  the  potter  that  the 
antenna  receives  ?" 


These  slots  are 
important 


These  do  not  radiate  in  the  right  direction 


Of  course,  it  is  produced  by  the 
group  of  slots  which  radiate  at  a  45 
degree  angle  towards  the  receiving 
antenna.  Radiation  of  all  other  slots  can 
almost  be  forgotten.  This  group  of  slots 
is  about  5  /  cosine  (45)  =  7  feet  away 

from  the  antenna.  For  another  frequency, 
the  lobe  of  the  array  turns  to  for 
example  60  degrees,  because  the  phase 
relation  between  apertures  has  changed. 
The  group  of  slots  that  radiate  in  the 
right  direction  has  changed  as  well,  but 
we  find  one  other  at  a  6  feet  distance. 

As  soon  as  the  angle  becomes  large 
enough,  we  can  find  a  group  of  slots 
acting  "in-phase"  CLOSE  TO  THE  RECEIVING 
ANTENNA;  the  resulting  power  is  not 
significantly  affected  by  the  frequency. 
This  is  what  we  call  "Wide  band  tuning": 
tuning  because  slots  act  in  phase,  wide 
band  because  this  co-operative  action  is 
frequency  independent. 


radiating  MODES:  the  receiving  antenna 
can  altrays  find  a  group  of  slots  that 
radiate  in  phase  close  to  its  vicinity. 
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[The  mathematics  behind  this  entire 
paragraph  is  of  course  stationary  phase 
calculations^ .  To  compute  precisely  hov 
many  slots  are  in  this  important  group 
requires  deep  analysis;  this  approach  is 
aimed  to  give  a  better  understanding  of 
phenomenons  involved  in  radiating  cables, 
not  to  get  accurate  prediction  of 
coupling  loss  figures] 

We  have  seen  how  the  basic  properties 
of  radiating  mode  cables  could  be  easily 
found: 

-high  efficiency  (low  coupling  loss)  due 
to  in-phase  radiation  of  slots 
-low  scattering  because  one  definite  wave 
propagates 

-environment  insensitivity  because 
radiation  relies  on  the  array  by  itself 
that  radiates,  not  on  an  excitation  of 
the  envirorunent. 

We  will  now  see  how  this  property  can 
be  practically  obtained  with  a  slotted 
coaxial  cable . 


II-  ADVANCED  DESIGN 

U-1  Higher  modes 

We  have  until  now  carefully  avoided 
one  difficulty:  we  know  what  happens  when 
zero  or  one  lobe/mode  exists,  but  what 
happens  if  several  lobes  appear  ? 


Two  lobes 

u 


0  10  20  30  40 

(m) 

Interferences  ^Periodic  variations) 


With  the  concepts  developed  above, 
this  is  now  easy: 

-we  have  two  different  lobes, 
characterized  by  two  different  radiation 
angles . 

-we  thus  get  two  different  groups  of 
slots  radiating  in  phase 

-as  the  receiving  antenna  moves,  it 
reveals  the  interference  pattern  between 
the  two  sources . 

This  happens  as  frequency  increases, 
and  could  have  cancelled  one  major 
advantage  of  radiating  modes:  their  field 
stability.  After  this  analysis,  the 
target  for  the  RFS  radiating  cable 
designers  was : 

-to  obtain  a  radiating  mode 

-to  avoid  obtaining  too  many  of  them. 

For  this,  we  decided  to  use  a  pattern 
of  slots  instead  of  just  repeating  a 
single  slot. 


II-2  Design 

The  new  radiating  cable  is  made  out 
of  a  copper  inner  conductor,  a  low-loss 
foam  polyethylene  insulator,  and  a  copper 
outer  conductor  in  which  slots  are 
manufactured.  Sizes  range  from  5/8"  up  to 
1  5/8". 

The  long  thin  slots  are  typically  150 
X  3  mm,  with  a  carefully  chosen  pitch 
angle . 

The  new  pattern  used  here  is 
exclusive,  patented  and  optimized.  By 
optimized,  we  mean  that  radiating  modes 
are  obtained  on  a  given  frequency  range 
(e.g.  100-1600  MHz,  or  400-2000  MHz  )  by 
using  a  minimum  number  of  slots  in  one 
pattern.  All  other  possible  arrangements 
will  be  more  complicated,  thus  leading  to 
less  cost  effective  designs  and  extra 
electrical  losses.  Odd  numbers  of  slots 
are  used,  such  as  3,5  and  7. 


Rep>eat  every  metre 


An  example  of  3-slot  pattern  copper  strip 
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These  patterns  are  repeated  every 
meter  or  less.  This  ensures  the  existence 
of  a  radiating  mode  from  90  MHz  up  to 
2000  MHz  depending  on  the  cable 
technology.  Some  cables  are  more 
specifically  designed  for  use  from  400  to 
1800  MHz,  they  show  better  performances 
in  this  band,  BUT  CAN  BE  USED  AT  OTHER 
FREQUENCIES:  they  then  just  behave  as 
leaky  cables . 

As  an  example,  the  7/8"  radiating 
cable  presented  in  the  next  paragraph  is 
built  around  a  3-slot  pattern  repeated 
every  P  =  50  centimeters.  Expression  (4) 
gives  Fj.  =  281  MHz.  It  must  be  emphasized 
that  below  this  radiating  mode  frequency, 
such  cables  can  still  be  used:  they  just 
operate  as  standard  (leaky)  cables.  When 
several  radiating  modes  are  present, 
operation  is  possible  with  most  of  the 
interesting  properties  of  radiating 
cables  but  low  scattering. 


II-3  Per f ormance s 

Measurements  are  performed  according 
to  lEC  96  method.  We  give  below  values 
obtained  on  a  7/8"  cable  for  both 
coupling  loss  and  longitudinal  loss.  95% 
coupling  loss  characterizes  a  level  which 
only  5%  of  the  receiving  points  fall 
under . 


450MHz 

900  MHz 

Longitudinal  loss 

10.4 

18.6 

dB/lOOOft 

dB/lOOOft 

Coupling  loss  50% 

60  dB 

55  dB 

95% 

63  dB 

59  dB 

The  plot  of  50%  coupling  loss  vs. 
frequency  is  given  on  the  next  page.  Ic 
clearly  points  out  the  influence  of  the 
coupled  mode/radiating  mode  transition: 
coupling  loss  figures  are  drastically 
reduced  (from  15  to  20  dB)  ;  we  can  also 
notice  that  in  the  first  zone  (low 
frequencies) ,  the  coupling  loss  grows 
with  frequency,  while  for  radiating  modes 
it  decreases  as  frequency  grows:  this  is 
especially  interesting  since  it 
compensates  for  the  increase  of 
longitudinal  loss. 


Piet.  1:  generation  radiating  cables;  different  sizes  and 

sheathingrs.  On  the  right,  versions  with  mica  tape  fire  barrier. 
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Ill 


-  CHANNEL  TUNNEL 
APPLICATIONS 


Notice  in  the  table  the  small  gap 
between  50%  and  95%  coupling  loss;  to 
give  qualitative  aspects  of  the  fields 
received,  records  at  450  MHz  and  900  MHz 
are  given  below.  It  must  be  emphasized 
that  at  900  MHz ,  3  modes  are  present  and 
should  interfere.  The  smoothness  of  the 
plot  confirms  that  upper  modes  are  almost 
perfectly  cancelled  by  the  new  generation 
pattern . 


95%  Coupling  loss  =  62.8  dB 


900  MHz  -  50%  Coupling  loss  =54.1  dB, 
95%  Coupling  loss  =  57.3  dB 


The  Channel  Tunnel  between  France  and 
Great  Britain  is  one  of  the  most 
important  tunnels  built  recently.  Three 
pipes,  each  more  than  50  kilometers-long, 
will  ensure  very  high  speed  link  between 
England  and  the  European  continent  by 
mid-1993.  In  such  a  structure, 
communication  is  a  major  issue  and 
several  points  were  carefully  studied: 
•Communications  reliability 
•Durability  over  time 
•Fire  safety. 

Ill-l  Tunnel  system 

Temporary  communication  systems  were 
used  during  the  construction  months, 
before  the  installation  of  the  definitive 
radiating  cable  system.  More  than  250 
kilometers  of  7/8"  radiating  cable  has 
been  used  to  cover  all  Channel  Tunnel 
facilities,  from  main  tunnels  to  small 
service  galleries,  from  terminals  to 
pumping  stations.  Planned  frequencies 
range  from  FM  (100  MHz)  to  450  MHz,  with 
possible  extensions  to  900  MHz.  Any 
personnel,  in  any  area  within  the  site, 
can  be  communicated  with  by  means  of  a 
450  MHz-band  portable  radio.  Of  course, 
traffic  control,  video  and  conversations 
can  transit  through  the  same 
installation . 

In  order  to  ensure  a  minimum  20  year 
life  in  a  harsh  environment,  drastic 
levels  of  safety  and  quality  have  been 
met: 

-mechanical  resistance:  radiating 

cables  must  be  separated  from  walls  by 
some  distance;  they  are  more  submitted 
than  other  cables  to  vibrations  and  air 
vortex.  The  cable  and  the  connectors  are 
designed  to  withstand  the  passage  of  high 
speed  trains  for  20  years. 

-harsh  environment:  salt  water,  100% 
humidity,  dust,  must  .,ot  affect 
performances  nor  r<iliability  over  time. 

-catenary  fall:  surge  protection  and 
grounding  is  provided  to  avoid  personal 
injuries  in  case  of  induced  surges  or 
short- ci rcui t . 
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-fire  and  smoke:  two  jackets  made  of 
an  exclusive  halogen-free  compound  and 
separated  by  a  mica  film  ensure  that  in 
case  of  fire: 

•no  opaque  fumes  and  no  toxic 
gases  are  emitted. 

•fire  is  not  propagated  by  the 
cable . 

-quality  assurance:  all  drums  have 
been  fully  measured  during  factory 
acceptances,  including  sample 
measurements  of  parameters  such  as 
coupling  loss  and  longitudinal  loss. 
Complementary  tests  are  performed  on 
site . 

By  Summer  1992,  more  than  220 
kilometres  of  radiating  cables  were  laid 
and  tested.  Electromagnetic  measurements 
on  site  fully  comply  with  what  stated. 
The  tunnel  should  be  opened  to  the  public 
by  mid- 1993. 


111-2  Shuttle  system 


If  one  does  not  care  for  its  size, 
difficulty  and  symbolic  importance,  the 
subsystem  described  above  is  rather 
classical :  radio  communication  inside  a 
tunnel.  We  will  now  present  a  very 
original  application  of  radiating  cables. 


The  Channel  Tunnel  is  exclusively  a 
rail  tunnel :  cars  and  trucks  must  embark 
inside  big  coaches  to  be  transferred  by 
train  for  a  30  minute  trip.  During  this 
time,  passengers  remain  seated  in  their 
vehicles  and  the  tunnel  management  need 
to  pass  them  information,  entertainment, 
or  warning  messages. 

To  allow  RF  transmission  towards  car 
radios  in  confined  environments  such  as 
aluminium  coaches  without  reflections, 
masking  effects  and  disturbances, 
radiating  cables  have  been  chosen.  The 
overall  system  has  the  following  aspect. 


Principle  of  transmission  inside 
shuttles  by  radiating  cables 


For  this  sole  use,  about  8  kilometres 
of  radiating  cable  have  been  used.  Such 
subsystems  are  until  now  very  innovative 
but  will  widely  spread  in  the  near 
future. 
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CONCLUSION 

Radiating  modes  are  a  major 
breakthrough  because  of  their 
electromagnetic  properties: 

-low  coupling  loss,  because  of  in-phase 
addition  of  the  fields  radiated  by  all 
slots 

-one  only  definite  wave  propagating 

around  the  cable 

-slow  radial  decrease  of  fields. 

-low  scattering, 

-low  sensitivity  towards  environment:  the 
surroundings  of  the  cable  are  not 
involved  in  its  radiating  properties. 

Radiating  modes  are  also  interesting 
because  they  allow  a  good  prediction 
accuracy  for  coupling  loss  values 
predictions:  computer  simulations  give 
for  one  slot  configuration  a  typical  ±3 
dB  difference  with  what  measured  on  our 
test  range. 

We  tried  to  show  through  this  paper 
different  aspects  of  radiating  cables: 
from  theory  to  real-scale  applications 
through  technological  design.  The  exairple 
of  applications  such  as  transmission 
inside  trains  show  that  transmission  by 
mobile  radio  in  any  area,  whatever  the 
propagation  conditions,  is  made  possible 
by  the  use  of  radiating  cables. 
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Abstract 

Starting  from  the  characteristics  of  classic 
leaky  coaxial  cables  the  system  performances  are 
deduced.  The  fact  of  decreasing  receiving  level 
with  increasing  longtudinal  attenuation  of  the 
leaky  cable  with  increasing  distance  from  the 
amplifier  limits  the  length  of  the  unamplified 
section.  This  limitation  can  be  overcome  by  a 
leaky  cable  with  almost  constant  receiving  level. 
For  the  concept  of  VARIO  leaky  cable  this  is 
achieved  by  increasing  the  radiation  power  over 
the  cable  length  by  increasing  the  number  of 
radiation  slots.  The  by  this  enforced  increase  in 
longitudinal  attenuation  is  compensated  by 
shortening  the  subsequent  lengths  of  equal 
radiation  power. 

This  contribution  describes  such  a  VARIO  leaky 
cable  and  compares  the  results  with  conventional 
leaky  cables. 


1.  Introduction 

The  transmission  between  stationary  and  mobile 
units  in  confined  areas  with  leaky  cables  is  well 
known  since  more  than  20  years. 

The  ongoing  development  of  new  transmission 
systems  leads  to  higher  frequencies  such  as  960 
MHz  for  GSM  together  with  digital  transmission. 
This  limits  the  repeater  section  lengths  of  those 
leaky  cable  systems  by  frequency-dependent  higher 
longitudinal  attenuation  of  the  cable.  Moreover 
the  confined  areas  especially  the  tunnels  became 
longer  by  the  better  techniques  for  tunnel 
construction.  As  examples  are  nominated  the 
Channel-tunnel  and  the  planned  Alpes-Basis 
tunnel . 

These  two  each  other  enforcing  effects  cannot 
only  been  overcome  by  thicker  this  means  lower 
attenuating  cables,  but  new  solutions  must  be 
found.  One  step  in  this  direction  is  the  VARIO 
leaky  cable  which  will  be  described  here. 


2.  Design  and  operation  characteristics  of  a 
conventional  leaky  cable 

The  leaky  cable  has  a  coaxial  design.  It  consists 
of  a  central  conductor,  a  concentric  insulating 
dielectric,  an  outer  conductor  which  covers  the 
dielectric  and  a  thermoplastic  sheath.  The 
conductors  are  made  of  copper.  The  dielectric  is 
composed  of  polyethylen  disks  which  are  extruded 
around  the  inner  conductor  with  a  regular  mutual 
distance.  Over  these  disks  a  thin  polyethylen 
tube  is  extruded.  By  this  a  system  of  closed  air 
chambers  is  formed  which  shows  good  electrical 
and  mechanical  properties  as  for  example: 
low  dielectric  constant, 
low  longitudinal  attenuation, 
good  bending  characteristics, 
high  lateral  stability, 
watertightness  (longitudinal  and 
transverse) . 

Because  of  its  similarity  with  a  bamboo-tree  this 
type  of  insulation  is  called  "bamboo  dielectric" 
which  is  well  known  in  CATV-cabling  /I/.  The 
outer  conductor  tape  has  a  pre-punched 
configuration  of  apertures,  normally  rectangular 
slots. 


Fig.  1  Leaky  Cable 
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The  configuration  of  apertures  determines  the 
radiation  characteristics  and  is  described  later. 
Over  the  outer  conductor  a  thermoplastic  sheath 
is  extruded.  The  standard  material  is  a  black 
fire-retardent  non-halogenuous  material  (Fig.1). 

The  main  attributes  of  a  leaky  cable  are  its 
longitudinal  attenuation  and  its  coupling  loss.  A 
coaxial  cable  attenuates  the  signal  running 
inside  depending  on  the  used  frequency.  This 
longitudinal  attenuation  is  mainly  influenced  by 
the  type  of  dielectric  and  the  size  of  the  cable. 
By  applying  apertures  to  the  outer  conductor  of  a 
coaxial  cable  a  part  of  the  energy  running  inside 
the  cable  is  transferred  to  the  outside 
surroundings.  Also  energy  can  intrude  into  the 
cable  from  the  environment. 

The  mechanism  of  coupling  the  interior  of  the 
coaxial  cable  to  its  surroundings  is 
distinguished  depending  on  the  design  of  the 
apertures  in  the  outer  conductor  into 

-  coupled  mode  cables, 

-  radiated  mode  cables. 

Coupled  mode  cables  have  a  continuous  slot  along 
the  total  cable  length  or  a  row  of  small 
apertures  with  mutual  distances  short  or  very 
long  compared  to  the  operational  wavelength. 

Radiated  mode  cables  show  a  periodic 
configuration  of  apertures  with  a  periodicity 
length  in  the  range  of  the  operational 
wavelength.  The  most  simple  configuration  is  a 
row  of  small  apertures  in  mutually  constant 
distance  which  equals  approximately  half  of  the 
desired  operational  wavelength.  For  a  regular 
configuration  of  apertures  the  leaky  cable  shows 
at  each  frequency  a  constant  longitudinal 
attenuat’on  per  unit  length  and  a  constant 
radiation.  So  the  signal  level  is  decreasing  from 
the  maximum  value  at  the  feeding  point 
monotonuously  to  the  cable  end  (Fig.  2). 

If  system  structures  consisting  of  leaky  feeders 
and  amplifiers  are  considered,  it  is  necessary  to 
distinguish  between  one-way  and  two-way  systems 
/2/  (Fig.  3). 


Fig.  2  Longitudinal  loss  and  receiving  level 

versus  cable  length  for  normal  leaky  cable 


Fig.  3  System  configurations  for  leaky  cables 

Ref.  /3/  shows  how,  for  two-way  systems,  the  use 
of  several  cascade  leaky  cables  with  different 
characteristics  instead  of  a  single  type  of  cable 
provides  considerably  longer  amplified  sections. 
It  is  a  fact  that  the  uniform  leaky  cable  is  not 
an  optimized  radiating  means  for  two-way  systems. 
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This  can  be  presumed  if  we  consider  that  a 
uniform  Leaky  cable,  due  to  its  longitudinal 
attenuation,  gives  a  receiving  unit  moving 
parallelly  to  the  cable  variable  electromagnetic 
field  values  depending  on  the  position  of  the 
receiving  unit. 

The  received  field,  which  is  very  high  at  the 
beginning  of  the  section,  progressively  decreases 
as  the  mobile  unit  moves  away  from  the  amplifier 
parallelly  to  the  cable. 

This  field  variation,  due  to  the  Longitudinal 
attenuation,  entails  a  waste  of  radiated  power  in 
the  cable  segment  near  the  amplifier  and 
consequently  makes  it  necessary  to  limit  the 
section  length  considerably. 

In  the  opposite  Link  direction,  the  signal 
transmitted  by  the  mobile  unit  to  the  base 
station  arrives  at  line  amplifiers  with 
remarkably  variable  levels.  The  amplifiers  will 
therefore  work  with  a  high  signal  dynamics  and, 
for  multicarrier  operation,  this  involves  a 
considerable  increase  in  their  power  requirement 
to  avoid  intermodulation  problems. 

In  the  following  the  relations  required  to  obtain 
a  theoretical  and  practical  solution  for  an 
uniform  field  distribution  along  the  whole  cable 
extension  (except  for  the  short  range 
Rayleigh-distributed  variations)  are  given. 

3.  Main  relations  of  a  system  using  leaky 
feeders 

Fig  3B  shows  a  repeater  system  to  connect  a  base 
station  to  a  mobile  unit  located  inside  a  tunnel. 
The  repeater  is  supposed  to  be  a  two-way  system 
which  means  that  the  two  information  signals  -  to 
and  from  the  mobile  unit  -  run  in  opposite 
directions  using  different  frequency  bands. 

The  line  amplifier  gain  is  supposed  to 
compensate  exactly  the  loss  of  the  cable  section. 
If  we  presume  that  equal  sections  are  used,  the 
following  relations  can  be  considered  for  both 
directions: 

^RM  ~  ^Rm  ”  ^  basest  at  ion)  da) 


Pq  -  Pg  =  Am  +  D  (to  mobile  unit)  (1b) 

where: 

Pj^m^  maximum  power  per  carrier  at  the  amplifier 
output  (dBm) 

minimum  power  per  carrier  at  the  amplifier 
output,  to  ensure  that  the  link  will  have  a 
correct  signal  to  noise  ratio  (dBm) 

H:  signal  dynamics  due  to  the  Length  extension 

of  a  leaky  cable  section  (dB) .  H  corresponds 
to  the  maximum  loss  variation  between  the 
mobile  antenna  connector  and  the  line 
amplifier  input,  evaluated  for  a  complete 
route  of  the  mobile  unit  along  the  section 
(dB) 

D:  margin  including  Rayleigh  fading  (dB) 

Pjj:  power  per  carrier  towards  mobile  (dBm) 

P^:  minimum  power  to  be  granted  at  mobile  input 
(dBm) 

A|^:  maximum  loss  between  amplifier  output 

towards  a  leaky  cable  section  and  mobile 
antenna  connector,  evaluated  for  a  complete 
route  of  the  mobile  unit  along  the  section 
(dB) 

Relations  (1a)  and  (1b)  make  it  possible  to 
evaluate  the  carrier  levels  and  P^  which 
usually  are  the  highest  of  the  system. 

A  good  system  design  must  aim  at  reducing  such 
levels  in  order  to  limit  the  cost  of  the 
amplifiers  and  of  the  power  supply. 

The  noise  introduced  by  the  repeater  system 
depends  on  the  number  of  line  amplifiers  and  the 
longitudinal  loss  of  the  leaky  cable  sections. 

The  effects  of  this  noise  in  both  directions  can 
be  considered  through  a  receiver  threshold 
degradation  included  in  the  terms  P^^^  and  P^  of 
Rel.s  (la)  and  (1b). 
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dT/dt  =  -a 


(dB/m) 


(6) 


Considering  a  constant  amount  of  the  system 
noise,  Rel.s  (la)  and  (1b)  show  how  and  P„ 
(and  hence  the  final  amplifier  powers)  can  be 
reduced  by  reducing  the  terms  A„  and  H. 

H 

This  is  an  important  result  since  such  terms 
depend  almost  entirely  on  the  leaky  cable 
sections  used. 

H  and  A|^  can  be  expressed  as  the  fluctuation  and 
the  maximum  value  of  the  overall  attenuation 
(system  loss)  between  section  origin  and  mobile 
unit  antenna  connector. 

The  system  loss  A(l,f)  is  generally  a  function  of 
the  mobile  position  I  within  a  section  and  of  the 
frequency  f,  and  can  be  expressed  as; 

A  (l,f)=  L  (l,f)  +  T  (l,f)  (2) 

where: 

L(l,f):  longitudinal  loss  of  the  leaky  cable  from 
section  origin  to  the  mobile  position 
(dB) 

T(l,f);  coupling  loss  of  the  leaky  cable  (dB) . 
Then  H  and  Aj^j  are  given  by 

H  =  wax^j  A(l,f)  -  A(l,f)  (3) 


Rel.(6)  shows  how  a  situation  of  zero  cable 
dynamics  can  be  reached  by  a  cable  with  the 
coupling  loss  decreasing  along  the  length.  In 
order  to  completely  define  the  compensated  cable 
the  following  functions  are  considered  at  the 
frequency  f^ : 

T  =  T(g)  (dB)  (7a) 
a  =  a(g)  (dB/m)  (7b) 
o  =  o(T)  (dB/m)  (7c) 

g  is  a  "geometric  variable"  which  specifies  the 
linear  density  or  the  dimensions  of  the  slots 
which  enable  the  cable  to  radiate  (slot 
configuration)  and  is  a  function  of  the  distance 
I  of  the  cable  portion  considered  from  the 
section  origin.  The  first  two  functions  can  be 
determined  experimentally.  An  analysis  of  T(g) 
and  a(g)  is  under  study. 

The  third  function  can  be  deduced  from  the 
previous  two. 

From  Rel.(6),  and  functions  (7a)  and  (7b)  the 
following  differential  equation  can  be  written; 


Aju  =  *  (l,f). 


(4) 


+  a(g) 


(8) 


4.  The  compensated  leaky  cable 


with: 


The  signal  dynamics  may  be  virtually  reduced  to 
zero  for  a  given  frequency  f.,  assuming  the 
system  loss  as  defined  by  Rel.(2)  is  equal  to  a 
constant.  Hence  for  A(l,f.)=A(l)  the  condition  of 
zero  dynamics  is; 

A(l)  =  constant 

or  in  differential  form: 

dA  =  a  dl  +  dT  =  0  (5) 


Ugj,)  =  0  . 

The  solution  of  (8)  provides  the  distance  I,  at 
which  slot  configuration  g  must  be  located  in 
order  to  obtain  a  wholly  compensated  cable, 
g^  is  the  geometric  variable  evaluated  at  the 
beginning  of  the  cable  (I  =0). 

The  section  length  l^  can  be  calculated  through 
(8)  or  directly  from  integration  of  (5)  using 
(7c): 


where  a  is  the  specific  attenuation  of  the  cable 
(in  dB/m)  at  the  frequency  f.. 

(5)  can  be  put  in  the  following  form: 


dT  /  a(T) 


(9) 


International  Wire  &  Cable  Symposium  Proceedings  1992  751 


where  and  are  the  coupling  Losses 
at  the  end  and  beginning  of  the  cable  section 
respectively. 

The  overall  longitudinal  loss  of  the  cable 
section  at  the  frequency  f.  can  also  be  deduced 
from  (5)  and  is  given  by: 


(10) 


slot  density  has  been  changed.  With  respect  to  a 
tolerable  maxlflium  loss  =  ^0  equal  total 

longitudinal  loss  L  =  for  the  two 

different  cable  sections,  the  length  of  the 
VARIO-cable  Is  obtained  as  the  area  below  the 
curve: 


The  maximum  attenuation  as  defined  by  (4)  for 
frequency  f^  is  given  by  T^.  This  is  because  the 
function  A(l,f)  for  f=f^  is  always  equal  to  T^. 
Figure  4  shows  as  an  example  the  comparison  of  a 
normal  leaky  cable  with  constant  longitudinal 
loss  (a^)  and  constant  coupling  loss  (T^)  to  a 
leaky  cable  with  same  geometrical  dimensions  but 
varying  longitudinal  loss  and  coupling  loss 
(VARIO-concept) . 


whereas  for  the  normal  leaky  cable  the  length  is 
represented  by  the  area  of  the  rectangle 


“1 


It  is  evident,  that  the  area  below  the  curve  is 
considerably  larger  than  the  area  of  the 
rectangle,  i.e.  the  VARIO-concept  enables 
considerable  advantages  in  reach  for  equal  cable 
dimensions  /5/. 

5.  Implementation  of  the  VARIO-concept 

To  compensate  the  level  drop  at  the  antenna, 
either  longitudinal  loss  or  coupling  loss  must 
change  with  cable  length. 

The  cable  attenuation  mainly  is  predetermined 
by  the  dimensions  of  the  cable  and  the  dielectric 
material.  In  practice  It  is  impossible  during 
cable  manufacturing,  either  to  change  cable 
dimensions  or  to  vary  the  dielectric  constant  of 
the  insulating  material  in  an  adequate  extent. 


Fig.  4  Cable  length  calculation  for  standard 
and  VARIO  leaky  cable 

The  reciprocal  of  the  actual  longitudinal  loss  is 
plotted  versus  the  actual  coupling  loss.  For  a 
normal  leaky  cable  the  constant  longitudinal  loss 
leads  to  a  straight  horizontal  line,  for  the 
VARIO-concept  it  results  in  a  curve.  This  curve 
was  obtained  through  measurements,  some  of  which 
are  reported  in  /4/,  performed  on  leaky  cables 
with  the  same  diameter  and  in  which  only  the 


Consequently  the  coupling  loss  must  be  changed  to 
reach  the  aim.  This  can  be  done  by  enlarging  the 
size  of  the  apertures  in  the  outer  conductor. 

Another  way  is  to  increase  the  number  of 
apertures  per  periodicity  length. 

As  the  apertures  are  pre-punched  in  the  copper 
tape,  it  is,  with  regard  to  the  punching  process, 
complicated  to  vary  the  size  of  the  punching 
tools. 
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For  practical  reasons  it  is  substantially  easier 
to  change  the  distance  between  the  apertures, 
i.e.  to  change  the  number  of  apertures  per 
periodicity  length. 

This  leads  to  the  concept  of  the  VARIO  leaky 
cable. 

6.  Slot  configurations  and  segment  lengths  of  a 
VARIO  leaky  cable 

As  an  approximation  to  a  continuous  change  the 
variation  of  coupling  loss  is  done  in  discrete 
steps. 

Starting  from  the  transmitter  point  the  first 
segment  of  the  VARIO  leaky  cable  has  one  small 
slot  per  periodicity  length  perpendicular  to  the 
cable  axis.  By  this  a  certain  radiation  level  is 
adjusted  in  the  desired  frequency  band,  for 
example  890  -  960  MHz  (GSM).  As  soon  as  the 
signal  level  has  decreased  the  same  amount  that 
is  gained  by  for  example  doubling  the  number  of 
slots  per  periodicity  length,  the  slot 
configuration  is  changed  accordingly.  The  signal 
level  at  the  mobile  antenna  increases  to  the 
value  which  was  measured  at  the  feeder  point 
(Fig.  5).  This  results  in  a  certain  length  for 
the  first  segment  with  "one  slot  configuration". 
The  slot  configuration  of  the  second  segment 
shows  a  slightly  higher  longitudinal  attenuation 
because  of  its  higher  radiation.  So  the  length 
must  be  reduced  compared  to  the  first  segment. 


Fig.  5  Longitudinal  loss  and  receiving  level 

versus  cable  length  for  VARIO  leaky  cable 


This  procedure  can  be  repeated  several  times  as 
long  as  there  is  enough  space  for  placing  more 
slots  on  the  cable.  The  lengths  of  the  following 
segments  are  reduced  according  to  the  growing  of 
the  specific  longitudinal  attenuation  of  the 
respective  segment. 

Fig.  6  shows  as  an  example  the  "one  slot 
configuration"  of  the  first  VARIO-segment  and  the 
"multi  slot  configuration"  of  the  last  segment. 


one  slot  configuration 


multi  slot  configuration 


Fig.  6  Slot  configuration  at  beginning  and  end 
of  the  VARIO  leaky  cable 

7.  Measurements  and  results 

In  contrary  to  normal  leaky  cables,  where  it  is 
sufficient  to  test  a  short  portion  (approximately 
100  m)  of  a  cable  to  describe  the  total  cable 
length,  with  VARIO  cables  the  complete  cable 
length  must  be  measured  in  order  to  verify  the 
efficiency  of  the  compensation.  For  this  the 
cable  was  installed  in  a  tunnel  at  the  ceiling 
about  5  m  above  ground.  A  distance  of  12  cm 
between  cable  and  ceiling  is  provided  by  non 
metallic  stand-off  clamps  with  a  mutual  spacing 
of  1  m.  The  distance  of  12  cm  has  resulted  as  an 
optimum  for  a  variety  of  effects  on  leaky  cable 
properties  especially  proximity  to  the  wall  and 
humidity. 
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The  VARIO  leaky  cable  was  750  m  long  and  the 
transmitter  output  into  the  leaky  cable  was  16 
dBm.  The  test  vehicle  was  a  small  van  which 
carried  the  mobile  antenna  and  the  receiver.  It 
passed  parallelly  along  the  VARIO  cable  in 
constantly  2,5  m  distance.  Measurements  at 
different  frequencies  were  taken.  Details  of  the 
measuring  technique  are  described  in  /6/. 

In  the  following  figures  for  selected  frequencies 
the  signal  level  at  the  mobile  antenna  connector 
is  recorded  for  a  VARIO  cable  and  a  corresponding 
normal  leaky  cable.  Both  cables  have  diameters  of 
11,9  mm  for  the  inner  conductor  and  28,9  mm  over 
dielectric. 

The  distance  of  the  mobile  antenna  from  the 
transmitter  is  recorded  as  the  X-axis  and  the 
received  level  at  the  antenna  is  plotted  in 
Y-direction. 


to  normal  leaky  cable  (loMcr) 


The  most  important  difference  is  the  decrease  of 
the  signal  strength  for  the  normal  leaky  cable. 
This  cannot  be  noticed  in  the  VARIO  cable 
recording  in  the  "compensated"  frequency  band 
(Fig.  7,  450  MHz).  The  difference  in  coverage 
between  the  best  and  the  worst  part  of  the  length 
of  the  cable  is  minimized  by  the  VARIO-concept, 
i.e.  for  equal  lengths  the  VARIO  cable  needs  less 
transmitter  power  for  equal  quality  of 
transmission.  For  equal  transmitter  power  section 
length  can  be  improved  considerably  by  using 
VARIO  cables,  e.g.  at  900  MHz; 

500  m  for  normal  leaky  cable 

750  m  for  VARIO  leaky  cable. 

The  measured  curves  show  in  good  approximation 
that  the  VARIO-concept  is  the  right  way  to  the 
desired  compensation  of  the  influence  of  the 
longitudinal  attenuation  of  a  leaky  cable  in  a 
certain  frequency  band. 


Fig.  8  VARIO  leaky  cable  measurements  at  lower 
than  the  compensated  frequency  (upper) 
compared  to  normal  leaky  cable  (lower) 
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Even  outside  the  "compensated"  frequency  band 
the  VARIO  cable  shows  reduced  attenuation  along 
its  total  length. 

For  lower  frequencies  than  the  "compensated" 
ones  (Fig.  8,  150  HHz)  the  signal  level  is 
different  but  the  structure  of  the  "compensated" 
curve  remains  with  a  tendency  of 
"over-compensat  i  on" . 

So  the  signal  level  slowly  grows  with  increasing 
distance  between  feeding  point  of  the  VARIO  cable 
and  mobile  antenna. 

For  higher  frequencies  than  the  "compensated" 
ones  (Fig.  9,  900  MHz)  the  signal  level  slowly 
decreases  because  the  segment  lengths  are 
relatively  too  long. 


Fig.  9  VARIO  leaky  cable  measurements  at  higher 
than  the  compensated  frequency  (upper) 
compared  to  normal  leaky  cable  (lower) 


So,  the  VARIO-concept  has  impressively 
demonstrated  its  advantages  not  only 
theoretically  but  also  in  a  realistic  tunnel 
environment  in  direct  comparison  to  a  normal 
leaky  cable. 

Finally  it  can  be  stated  that  the  described 
general  design  method  can  be  used  to  produce 
VARIO  leaky  cables  optimized  for  other  specific 
frequencies  with  clearly  better  properties  than 
normal  leaky  cables.  This  is  important  especially 
for  higher  frequencies  like  960  HHz  (GSM). 


8.  Conclusions 

Out  of  the  present  situation  with  leaky  cables 
the  limitations  were  appointed  which  result 
mainly  from  the  increasing  longitudinal  loss 
along  the  cable  section.  By  theoretical 
investigations  and  calculations  a  compensated 
leaky  cable  was  proposed.  Engineering  and 
development  were  undertaken  to  design  such  a 
leaky  cable  of  VARIO  type.  Even  if  the  continuous 
radiation  increase  was  not  performed,  the 
discrete  radiation  variation  leads  to  excellent 
results. 

This  newly  developed  cable  opens  the  possibility 
to  further  activities  with  acceptable  effort  for 
radio  communication  in  confined  areas. 
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Periodic  and  Random  Structural  Variation  and  Temperature 
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Abstract: 

The  various  industry  standards  organizations  currently  propose 
structural  return  loss  (SRL)  as  a  new  transmission  requirement  for 
category  3,  4  and  S  premises  wires  that  are  intended  to  transmit 
signals  for  STARLAN  1,  Token  Ring  4  and  3,  IEEE  802.9,  TPDDI 
(twisted  pair  distributed  data  interface),  etc.,  systems  up  to  100 
megabits/sec.  Studies  are  conducted  by  researchers  to  improve  the 
technique  of  SRI,  measurements,  its  relationship  with  other 
transmission  parameters,  any  environmental  effect  on  SRL  level, 
etc.  This  paper  deals  mostly  with  the  SRL  measurement  technique 
and  the  e.Tea  of  temperature  on  the  SRL  level  of  premises  wires 
intended  for  use  in  the  carrier  side  of  the  network  interface  or 
demarcation  point,  as  well  as  in  building  premises. 

The  effect  of  temperature  on  the  losses  from  both  conductors  and 
dielectric  of  a  coarial  cable  and  also  on  the  coaxial  cable’s  SRL 
level  has  been  discussed.  Both  theoretical  and  experimental  proof 
indicates  that  a  cable  operating  at  a  lower  temperature  has  a  worse 
SRL  level  than  the  same  cable  at  a  higher  temperature  and  rice 
versa. 

Similar  study  has  been  conducted  on  unshielded  twisted  pair  wires 
by  exposing  them  at  room  temperature  and  higher  than  room 
temperature.  Measurements  on  the  wires  at  these  temperatures 
also  show  that  the  wires  exposed  at  Ugher  temperature  improve  the 
SRL  level  over  the  same  wires  exposed  to  room  temperature. 

The  relationship  of  SRL  versus  temperature  shows  independence  of 
the  type  of  structural  variations;  e.g.,  random  variation  of  twisted 
pair  wires  versus  periodic  variation  of  coaxial  wire  and  cable.  The 
magnitude  of  SRL  variations  due  to  impedance  discontinuity  or 
impedance  mismatch  of  both  twisted  pair  wires  and  coaxial  cable, 
although,  is  different,  but  follows  the  same  principle  which  shows 
that  any  tvristed  pair  wire  or  coarial  cable  increases  its  loss  at 
elevated  temperature  allowing  the  signal  to  travel  through  a  shorter 
distance.  This  results  in  reduced  number  of  reflections  at  the 
impedance  mismatch  and  produces  an  improvement  in  SRL  level. 


1,  Introduction 

EIA/TIA-S68  for  Commercial  Building  Telecommunications 
Wiring  Standard  and  NEMA  Premise  Wiring  Standard  have  been 
active  to  develop  struaural  return  loss  (SRL)  limits  of  higher  grade 
of  inside  wire  products  which  inclu^  unshielded  twisted  pair 
(IT^,  shielded  twisted  pair  .fSTP)  and  coaxial  wares.  Frieseni^l 
among  others,  provided  information  on  SRL  measurement 
techniques  of  UTP  wires.  This  was  followed  by  a  proposal  from 
himi^l  at  the  EIA/TIA  TR-41.8.1  Committee  meeting  held  in 
December  1991  on  the  development  of  SRL  limits  for  category  3,  4 
and  5  (also  designated  Level  3,  4  and  5)  horizontal  wiring.  Both 
EIA  and  NEMA  premises  wiring  standards  groups  have  been 
working  to  include  the  SRL  limits  in  the  premises  wiring  standards. 
At  the  present  time,  SRL  limits  are  alre^y  established  for  coarial 
cable  television  systems.  Since  the  coariri  cables  are  also  being 
used  for  DSX-3  (44.736  Mbit/s)  signal  transmission^)  in  the  central 


office  and  for  other  data  transmission  systems  in  commercial 
buildings)^),  it  is  felt  necessary  to  develop  similar  SRL  limits  for 
wire  and  cable  used  for  high  grade  data  transmission  and 
other  systems. 

The  transmission  parameters  of  the  twisted  and  coaxial  wires 
depend  on  the  design  criteria,  materials  used  in  the  wire,  and  the 
enrironmental  conditions  of  the  wire  during  its  service  life. 
Normally  plenum  wire  operates  at  room  temperature  (RT)  because 
it  is  located  in  air  return  plenums.  In  some  buildings,  however, 
vrire  and  cable  could  run  parallel  to  steam  pipes  or  may  be  exposed 
to  other  heat  sources  and  thereby  become  heated  above  ambient 
temperature,  especially  in  cold  weather.  In  some  other  buildings, 
cable  could  be  placed  in  wiring  closets  and  other  non-plenum  areas 
where  there  is  no  air  conditioning  provided  and  where  temperature 
can  rise  during  summer.  With  this  scenario  in  mind,  the  twisted 
and  coaxial  wires  exposed  to  elevated  temperatures  v'c  ;  measured 
and  analyzed  to  determine  if  the  structural  irregularity  of  the  wire 
poses  any  additional  loss  at  the  elevated  temperatures. 


2.  Periodic  Stnictuml  Variation  and  Transmission  Parameters 

Zl  Periodic  Structural  Variation  versus  SRL  and  Attenuation 

The  dmracteristic  impedance  of  a  coaxial  cable  depends  on  three 
basic  of  the  cable:  (1)  the  center  ranductor,  (2)  the 

insulatioii;  and  (3)  the  outer  conductor.  In  practice,  the  successful 
manufiietnre  of  any  given  cable  design  reduces  to  aocurme  control 
of  cable  components  dimensions.  In  any  cable,  minute  impedanra 
its  length  cannot  be  eliminated  due  to  ^te 
of  the  production  processes.  The  dimenrional 
variarions,  which  arc  often  periodic,  can  be  caused  cither  by  the 
rolling  process  of  the  metal  strip  forming  the  outer  conductor,  from 
the  drawing  operations  of  the  center  conductor,  ^m  mmute 
irregularities  of  the  equipment  used  for  application  of  the 
insdation,  or  from  the  machine  sheaves. 

Various  papers  have  been  published  outlining  the  theories  of 
structural  return  loss  in  coaxial  cables  expressed  ii^wms  of 
attenuation,  length  of  cable,  reflection  coefSdents,  etc.  wduen 
treated  theoretically  random  and  periodic  changes  of  cable 
impedances. 

Uring  a  model  nmllar  to  OlszewsK  and  Lubais^),  eaquessions  have 
developed  in  the  Appendix  for  the  SRL  d^radation  of  a 
coaxial  cable  due  to  the  reduction  of  attenuation  ^  the 
introduction  of  lower  dissipation  factor  dielectric  material.  In 
computing  the  SRL>  assumptions  made  are  (1)  the  irregula^ 
periods  are  symmetrical  or  periodic,  and  (2)  the  reflection 
(p)  are  unaffected  due  to  change  of  dielectric 

Under  these  conditions,  the  SRL  degradation  of  the  cable  due  to 
lower  loss  can  be  expressed  by  the  following: 


For  a  finite  length. 


lAdKfr|-20 


loSio 


0.02461  VyRA 


(1) 
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For  an  infinite  length. 


Series  of  similar  curves  for  any  other  length  ol  cable  can  also  be 
generated. 


|A5/?L|=20 


0.02't61  V^RA 

f 


dB 


(2) 


where  variables  are  as  listed  in  the  Appendix. 

For  the  measurement  of  SRL  level,  due  to  periodic  and  random 
structural  variation,  an  SRL  lest  set  developed  by  Automation 
Dynamics  was  used.  By  adjusting  the  variable  termination  bridge, 
the  characleri.stic  impedance  of  the  coaxial  cable  under  test  was 
matched  for  minimum  reflection  and  the  cable  was  swept  between 
5  MHz  to  300  MHz.  Any  random  minute  impedance 
discontinuities  occurring  on  the  coaxial  cable  are  found  to  produce 
an  SRL  trace  having  small  spikes.  Only  a  periodic  impedance 
discontinuity  in  the  cable  produces  a  prominent  spike  on  the  SRL 
trace  between  the  frequency  band  of  interest.  It  has  been  observed 
that  if  the  distance  between  the  periodic  discontinuities  corresponds 
to  the  half  wave  length  or  its  multiple  of  the  signal  transmitted 
through  the  cable,  a  prominent  SRL  spike  will  appear  at  the 
resonance  frequency.  A  typical  sweep  frequency  SRL  trace  is 
shown  in  Figure  1. 


Fig.  1:  Sweep  Frequency  SRL  Trace 
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FlR.  2:  SRL  Degradation  as  a  function  of  Z  reduction  in 

attenuation,  10. A  an  (0.412")  coaxial  cable. 


To  prove  the  theory  derived  in  the  Appendix,  a  10.4  mm  (0.412“ ) 
coaxial  cable  having  equally  spaced  polyolefin  discs  was  stabilized  at 
an  elevated  temperature  of  140°F  (60°C'),  and  both  the  attenuation 
and  the  SRL  level  of  the  cables  were  measured  at  this  temperature. 
The  attenuation  and  the  SRL  level  of  the  cables  were  then 
measured  at  different  temperatures  in  the  range  of  140  to  -40°F 
(60"C  to  -40“C).  U,sing  140°F  measurement  data  as  reference,  the 
percent  reduction  of  attenuation  at  lower  temperature  and  the  SRL 
degradation  of  the  cable  at  that  temperature  were  determined. 


Fig.  3  is  a  plot  of  the  measured  SRL  degradation  versus  percent 
reduction  of  attenuation  of  10.4  mm  coaxial  cable  under  study.  The 
solid  lines  represent  the  theoretical  results  based  on  equation  (A- 
10)  in  the  Appendix.  The  measured  results,  in  some  cases,  deviate 
slightly  from  the  estimated  values.  These  discrepancies  can  be 
attributed  to  small  changes  in  average  cable  input  impedance  with 
temperature  and  imperfect  equipment  balancing.  In  general,  the 
measured  data  are  in  excellent  agreement  with  the  theory. 


By  utilizing  the  above  equation  (1)  for  finite  length,  the  SRL 
degradation  for  any  tyjx:  or  any  size  of  coaxial  cable  with  reference 
to  a  same  type  and  size  of  cable  of  higher  loss  can  be  computed.  A 
series  of  curves  were  generated  for  10.4  mm  (0.412")  coaxial  cable 
showing  their  SRL  degradation  versus  percent  reduction  of 
attenuation.  These  are  presented  in  Figure  2  for  a  cable  of  finite 
length  of  2000  ft.  at  frequencies  50,  100,  150,  220  and  300  MHz. 

The  vSRL  degradation  has  also  been  computed  for  infinite  length  at 
various  frequencies  using  the  above  infinite  length  equation  (2). 

Although  the  expression  in  equation  (2)  is  dependent  on  frequency, 
the  second  factor  within  the  parenthesis  is  practically  negligible. 
For  all  practical  purposi  •  the  SRL  degradation  for  any  size  cable 
of  infinite  length  with  rt  ct  to  the  reference  cable  is  independent 
of  frequency  and  attenua.  jn  of  the  reference  cable,  but  dependent 
on  the  attenuation  reduction  factor  (R).  This  factor  is  defined  in 
the  Appendix.  The  computed  values  fur  the  infinite  length  are  also 
plotted  in  the  same  graph  (Fig.  2)  for  case  of  comparison. 

As  the  cable  sizes  become  smaller,  the  SRL  degradation  values  of 
both  finite  and  infinite  lengths  become  comparable  due  to  higher 
attenuation  of  such  cables. 


Theoretical  and  measured  values  of  SRL  degradation 
-a  function  of  Z  reduction  in  attenuation,  10.4  mm 
(0412")  coaxial  cable;  length  of  cable,  1692  ft. 
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2J  Periodic  Structural  Variation  versus  SRL  and  Temperature 

It  follows  from  the  same  theory  that  if  any  cable  measured  or 
operating  at  room  temperature  of  68"?  (20°C)  is  exposed  to  an 
elevated  temperature,  its  SRL  level  will  improve  due  to  the  increase 
in  atten  lation.  Similarly,  if  the  cable  is  exposed  to  a  lower 
temperature  its  SRL  level  will  degrade  due  to  reduction  of 
attenuation  assuming,  of  course,  a  positive  temperature  coefficient 
of  attenuation  for  the  cable. 

Fig.  4  represents  SRL  deviation  for  10.4  mm  coaxial  cable  of  both 
finite  and  infinite  lengths  respectively  at  any  temperature  from  that 
of  68°F  computed  by  using  equations  (A-13)  and  (A-14)  in  the 
Appendix.  In  these  computations,  the  temperature  coeffieient  of 
attenuation  of  cable  was  measured  and  found  to  be  O.U%/°F  at  all 
frequencies.  The  dielectric  material  used  in  the  coaxial  cable 
samples  consisted  of  a  small  portion  of  acrylic  acid  copolymer  and 
polyethylene  whose  dissipation  factor  (tan  8)  is  relatively  constant 
at  the  temperature  and  frequency  ranges  mentioned  above. 

It  may  be  of  interest  to  note  that  the  temperature  coefficients  of 
attenuation  (t^,)  of  some  of  the  plenum  wires  using  different 
dielectric  materials  were  measured  by  the  author  in  the  frequency 
range  of  64  KHz  to  40  MHz  and  found  to  be  in  the  range  of 
0.08%/°F  to  0.30%/°fI®I.  The  temperature  coefficients  of  PVC 
were  even  higher  and  found  to  be  in  the  range  of  0.25%/°F  to 
1%/°F  within  the  same  frequency  band  of  64  KHz  to  40  MHz. 
These  insulating  materials,  if  used  in  coaxial  cable,  are  expected  to 
result  in  the  SRL  deviation  of  higher  magnitude  than  those  shown 
in  Fig.  4. 


estimated  by  using  the  following  well  known  equation: 

SRL=  -201o3ioI->\^I 

In  this  paper,  the  author  is  interested  to  show  the  relative 
difference  in  SRL  levels  between  operating  temperature  viz.  room 
temperature  of  73°F  (23'’C)  and  high  temperature  of  150“F  {65"C). 
Instead  of  proceeding  with  the  least  square  fitting  technique  with 
the  aid  of  an  algorithm  to  determine  the  characteristic  impedance 
value,  which  requires  extensive  computation  work,  the  author  is 
taking  a  different  approach  as  suggested  by  Poulsen  in  his  proposal 
to  EIA/TIA  41.8.1  Committee  meeting  held  in  June  1992  at  St. 
Johns.  This  technique  proposes  that  the  characteristic  impedance 
(Z^)  can  reasonably  be  estimated  by  averaging  the  input  impedance 
(Zjj,)  values  within  the  frequency  range  of  1  MHz  to  16  MHz  for 
level  3,  1  MHz  to  20  MHz  for  level  4,  and  1  MHz  to  100  MHz  for 
level  S  wires. 

Figure  5  and  Figure  6  are  the  input  impedance  traces  of  white- 
orange  (W-O)  pair  of  a  4  pair/24  AWG  plenum  wire  designated 
Level  S.  The  wire  was  placed  inside  a  box  like  a  bird’s  nest  to 
minimize  interference  between  adjacent  turns  and  stabilized  at  each 
of  the  test  temperatures  of  73“F  and  150  "F  for  24  hours  before  any 
measurements  were  made.  An  HP  4194A  Impedance  Analyzer  was 
used  to  measure  the  input  impedance  obtained  from  open  and 
short  circuit  measurements  according  to  the  following  equation: 


CABLE  LENGTH 
CABLE  LENGTH 
CABLE  LENGTH 
CABLE  LENGTH 
CABLE  LENGTH 


TEMP.  COEFF.  OF  ATTENUATION 

2000  FT.  i  so  KHz.^ 

2000  FT.  A  too  HHz. 

2000  FT.  A  ISO  KHz. 

2000  FT.  A  220  KHz. 

2000  FT.  A  300  KHz. 


-AO  -20 


too  120  lAO 


20  AO  60  68  80 
TEHPERATDRE  (“F) 

Fig.  4:  SRL  deviation  va.  temperature  with  respect  to 
20°C  (68°F),  lO.A  ■■  (0.A12")  coulal  cable. 


3.  Random  Structural  Variation  and  Transmission  Parameters 

Unshielded  twisted  pair  wires  in  general  exhibit  random  structural 
variations  due  to  variations  in  conductor  dimension,  DOD 
(diameter  over  dielectric),  variation  of  spacing  between  the  wires  of 
a  pair,  variation  in  the  effective  dielectric  constant,  especially  of 
foam  dielectric,  etc,  unless  the  manufacturing  processes  arc  very 
well  controlled. 

The  recently  proposed  method  of  determining  the  SRL  level  of 
twisted  pair  wire  by  Friescnl^l  involves  measurement  of  input 
impedances  and  by  using  a  least  square  fitting  algorithm  the 
characteristic  impedance  of  the  wires.  From  the  charactcrLstic 
impedance  and  the  input  impedances  data,  the  SRL  level  can  be 
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Measured  Input  Impedance  of  Level  5  Wire  @  150°F 
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The  average  of  the  input  impedance  values  is  computed  and 
designated  as  characteristic  impedance  (see  Figures  5  and  6).  Fig. 
7  represents  the  input  impedance  traces  of  both  temperatures,  73®F 
and  150®F,  superimposed. 
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Fig-  7:  Measured  Input  Impedance  of  Level  5  Wire 
at  73°F  and  150°F  Superimposed 


To  compute  the  SRL,  at  first  all  the  frequencies  and  the 
corresponding  input  impedance  values  where  impedance  spikes 
occurred  are  noted.  In  between  1  MHz  and  100  MHz,  there  are 
250  data  points.  All  the  pertinent  frequency  points  within  the  range 
have  been  included  for  the  computation  of  SRL  by  using  equation 
(3).  The  impedance  is  a  complex  quantity.  Since  we  are  interested 
in  the  high  frequency  range  where  the  phase  angle  of  the 
impedance  is  close  to  0°,  therefore,  it  is  assumed  that  the 


2,,= 


is  not  a  complex  quantity. 


increases  allowing  the  signal  to  travel  through  a  shorter  distance 
Some  total  effect  of  the  increase  in  attenuation  is  the  improvement 
of  SRL. 


Level  5  Wire  @  73°F 


Fig.  8;  SRL  Values  Computed  From 
Input  Impedance  Data 


The  computed  SRL  values  at  TS'F  and  150*F  are  plotted  in  Fig.  8 
and  Fig.  9.  A  regression  tine  is  drawn  through  the  data  points  by 
using  a  programmable  calculator.  The  equations  for  the  best  fit 
lines  for  73'‘F  and  150°F  are  as  follows: 

73°F: 


y  =  -4.02  log  X  +  39.08 

(5) 

150“F: 

y  =  -3.89  log  X  -t-  40.08 

(6) 

where  y.  SRL  in  dB 

x:  frequency,  MHz 

The  SRL  traces  of  both  temperatures  are  superimposed  and  shown 
in  Fig.  10. 

It  is  important  to  note  that  the  SRL  values  are  computed  for  single 
reflection  only  at  the  location  of  impedance  discontinuity  for 
simplicity’s  sake.  In  reality,  multiple  refleaions  may  take  place 
which  could  change  the  SRL  values.  Since  the  objective  of  the 
study  is  to  make  a  relative  assessment  of  the  effect  of  temperature 
on  the  SRL  values,  it  is  appropriate  to  deal  with  single  reflection 
only  at  the  point  of  impedance  discontinuity  or  impedance 
mismatch. 

From  equations  5  and  6,  we  find  that  the  slope  of  the  regression 
tine  is  -4.02  dB  for  73*F  and  -389  dB  for  150*F  per  decade  of 
frequency  increase.  In  Fig.  11,  the  difference  in  SRL  values 
between  73*F  and  150*F  expressed  in  percent  are  plotted.  Most  of 
the  ASRL  values  are  positive,  indicating  that  the  SRL  values  are 
higher  (without  considering  -ve  sign)  at  higher  temperatures.  The 
separation  of  about  1.7  dB  between  the  two  regression  lines 
indicates  that  at  elevated  temperature,  the  attenuation  of  the  wire 
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Level  5  Wire  at  73°F  and  150  F 


^^150  ~  SRLgT 

^SRL  =  sKLjjj. 


4.  Saroniary  and  Conclusions 
4.1  Periodic  Structural  Variation 

I.  The  structural  variation  of  a  coaxial  cable  is  assumed  to 
follow  a  periodic  pattern. 

Jl.  The  SRL  level  of  a  coaxial  cable  is  degraded  if  the 
attenuation  of  the  cable  is  reduced  by  utilizing  a  dielectric  of 
lower  loss  and  vice  versa. 


III.  The  SRL  degradation  of  any  coaxial  cable  with  respect  to  a 
reference  cable  of  the  same  size  and  design  reduces  as  the 
frequency  is  lowered  and  the  length  of  the  cable  is  shortened 
-  all  becau.se  of  lower  attenuation  value. 

IV.  The  SRL  degradation  of  infinite  length  of  a  coaxial  cable 
does  not  depend  on  cable  size  or  frequency  but  is  a  function 
of  the  attenuation  reduction  factor  (R)  only,  as  shown  in  the 
following  expression; 

A  SRL  =  SRL  degradation  factor  X  attenuation  reduction 
ratio  (%) 

~  ’^r(R)X 

where  Dp(R)  =  0.093 

Note:  By  drawing  a  regression  line  through  the  different 
values  of  plotted  against  R  (Table  1)  in  Appendix,  an 

empirical  relationship  can  be  found.  From  this  relationship, 
*^F(R)  estimated  to  be  0.093. 

42  Random  Structural  Variation 

i.  Unshielded  twisted  pair  wires  in  general  exhibit  random 
structural  variations 

ii.  Within  the  frequency  range  of  1  MHz  to  100  MHz,  the 
average  input  impedance  values  can  be  considered  the  same 
as  the  characteristic  impedance  of  the  wire. 

iii.  SRL  values  computed  from  characteristic  impedance  and 
input  impedances  at  different  temperatures  and  frequencies 
can  give  a  relative  picture  of  the  SRL  levels  versus 
temperature. 

iv.  At  higher  temperature,  SRL  values  improve  with  respect  to 
room  temperature.  This  is  due  to  the  fact  that  the  increased 
attenuation  of  the  wire  at  elevated  temperature  allows  the 
signal  to  travel  through  a  shorter  distance  resulting  in 
reduced  number  of  reflections  at  the  impedance  mismatches. 
This  means  an  improvement  of  SRL  level. 

5.  Acknowledgeinent 

The  author  acknowledges  with  thanks  the  help  received  from  Mark 
Carangi,  Kathie  Smith,  Tony  Stephenson  and  Chuck  Avant  of 
Bellcore,  Ketan  Pastakia,  Bellcore  summer  student,  and  Jeff 
Poulsen  of  General  Cable  during  the  experiment  setup, 
measurements  and  preparation  of  the  paper.  Al  Gambardella’s 
help  in  setting  up  the  HP  Impedance  Analyzer  and  generating  input 
impedance  data  in  a  short  time  is  commendable.  The  author 
expresses  his  deep  appreciation  to  Al. 

d.  References 

1.  H.  W.  Friesen,  "An  Evaluation  of  Measurement  Techniques 
For  Determining  Copper  Cable  Structural  Effects,"  40th 
International  Wire  &  Cable  Symposium  Proceedings,  1991, 
pp.  93-104. 

2.  H.  W.  Friesen,  presentation  on  "Development  of  SRL  Limits 
for  Category  3,  4  and  5  Horizontal  Wiring"  at  the  EIA/TIA 
TR'41.8.1  Committee  Meeting,  December  1991 

3.  American  National  Standard  for  Telecommunications  - 
Difftal  Hierarchy  Electrical  Interface,  ANSI  Tl.  102- 1987, 

4.  ElA/TlA  Standard  for  "Commercial  Building 
Telecommunications  Wiring  Standards"  ANSI/ElA/TIA  568, 
July  1991. 

5.  J.  A.  Olszewski  and  H.  Lubars,  "Structural  Return  Loss 
Phenomenon  in  Coanal  Cables,”  Proceedings  of  the  IEEE 
(July  1970),  58,  no.  7,  1036-1050. 


International  Wire  &  Cable  Symposium  Proceedings  1992  761 


6.  G.  Fuchs,  Reflections  in  a  Coaxial  Cable  due  to  Impedance 
Irregularities,"  Proceedings  of  the  IEEE  (Undon;  April 
1952),  99,  part  4,  121-137. 

7.  A.  E.  Karbowiak,  "Investigation  of  Signal  Distortion  in 
Cables  Caused  by  Imperfections  in  Cable  Manufacture," 
Proceedings  of  the  IEEE  (June  1974),  1,  no.  6,  419-431. 

8.  L.  M.  More,  "Temperature  Effect  of  High  Frequency  Data 
Transmission  Through  Plenum  Wires,"  40th  International 
Wire  &  Cable  Symposium  Proceedings,  1991,  pp.  251-259. 

9.  J.  Poulsen,  presentation  on  "A  Simplified  Alternative 
Method  for  Calculation  of  Structural  Return  Uss  or  Input 
Impedance  Limits  on  Inside  Product  Wire"  at  the  ElA/TIA 
TR-41.8.1  Committee  Meeting,  June  1,  1992. 


Lai  M.  Hore 
Bellcore 
445  South  St., 
Morristown, 
NJ  07%2 


Lai  Hore  is  responsible  for  the  preparation  of  Bellcore’s  Technical 
Requirements  for  Outside  Plant  Cables  and  the  development  of 
high  speed  transmission  requirements  for  wire  products.  After 
receiving  a  M.Sc.  Tech,  degree  in  Applied  Physics  from  the 
University  of  Calcutta  and  a  Dr.  Tech,  degree  from  the  Technical 
University  of  Budapest  in  Electrical  Engineering,  he  joined  Bell 
Northern  Research  in  1970  to  design  and  develop  communications 
cables.  In  1972,  Lai  moved  to  General  Cable  Company  where  he 
worked  as  a  Senior  Research  Engineer  and  next  as  a  manager  in 
Communications  Cable  Research  and  later  as  a  Staff  Project 
Manager  in  Applications  Engineering  until  1987  when  he  joined 
Bellcore. 


Dr.  Hore  has  authored  numerous  technical  papers  on  dielectric 
materials  and  telecommunications  wire  and  cable  and  holds  a 
number  of  patents  on  telecommunications  cables. 


Appendix 


Length  of 
period 


-P 


+  P 


Z, 

f. 


Zi 

b 


+P  f 


Z: 

I: 


Transmission  line  model 


<h  +  h! 

Z|  (ohms) 
Zj  (ohms) 


a  (neper) 
a,,o[j  (neper) 

A(dB) 


P  =  (radian) 

V,  (volt) 
V,(volt) 
V, 


V,“  V.(l+  p) 
L  (l^ofoot) 


f(MHx) 
(SRL,  -  SRLj)  dB 

R  =  A—  or 

a  A 

AT(^-  (T-  68)*F 

tc/*F 


Symbols: 

=  Length  of  period 

=  Characteristic  impedance  of  1st  section 
=  Characteristic  impedance  of  2nd  section 
(letZ,>  Zj) 

=  Number  of  periods 

*=  Average  attenuafion  of  the  line  per  in. 

=  Average  attenuation  of  cables 
No.  1  and  7  per  in. 

=  Average  attenuation  of  reference 
cable  per  1000  ft. 

=  Phase  constant  per  in. 

=  Input  voltage 

Reflected  voltage  at  (Ij  •  junction 
=  Reflection  coefficient  of 

section  (I/- Ip 
=  Reflection  coefikient  of 
section  (t^  - 

^  Transmitted  voltage  at  (Ij  - 1^  junction. 

*=  Length  of  cable. 

Velocity  of  propagation  as  a  function  of 
velocity  of  light  in  vacuum. 

Frequency  of  signal 
SRL  degradation  between 
cable  No.  1  &  2  =  A  SRL. 

•=  Attenuation  reduction  ratio  between 
two  cables. 

^Temperature  difference. 

^  Temperature  coefficieat  of  attennatioo 
of  cable. 

B  SRL  degradatioa  factor. 


SRL  degradation  due  to  attenuation  reduction: 


It  has  been  shown  (ref  5)  that  if  the  period  corresponds  to  signal 
the  length  of  sections  (j  and  (2  are  equal  the  SRL  level  of  coaxial 
half  wave  length  or  its  multiple,  and  cable  can  be  written  as 


where 


£RL=201ogioR  ' 


1-K^ 

l-K^ 


(A-1) 


^  y/  |cos2«l2-  (l-p?2je"*“*J‘  +  |sin2wf2|‘ 

d 


(A-2) 


(A-3) 


Further  simplifying 

«  Vi-2co82<jIj  \-p\^ 
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For  maximum  SRL,  and  thercforCi 

co62wt2=— 1,  therefore 

R  '=pe-^'\/l+2 


V  1+  IV 


[l+ 

=/.e-^[l+/c] 


Equation  (A-l)  can  be  written  as 


5flL=201ogioP«' 


[l+«]  [l-^‘] 

M 


=201ogio/»«”®^ 


Substituting  for  K 


S/?L=201ogio/i«' 


(A-.) 


For  infinite  length,  n~*oo,  therefore  K^'-*0,  therefore 
5«L-20.og.„e-jj^-j^^ 


From  equation  (A-6) 


►r 

pe^-logi3 

T 


Solving  the  above  quadratic  equation  for  p, 


e-±V 


2*-log;i‘  ^ 


E  in  Eq  (A-5),  is  neglected  since  p«l,  the  ASRL  between  two 
cables  of  same  size  and  design  but  of  different  attenuation  can  be 
expressed  as, 


|ASRL|=[|Si?L,h|5fiL2|] 


=20  logioPi  e 


-2a, t  1  — e 


=  io6l0p2C 


-2ool  1  — C 


If  the  reflection  coefficients,  p,,  Pp  are  considered  equal  on  the  assum 
ption  that  the  same  manufacturing  line  is  employed  to  make  the 
cables,  ASRL  can  be  simplified  to: 


a2-Oi]log,oP+log,o  ''^(A-9) 

A  1-e  j 

Employing  the  conversion  factors  for  the  actual, length  of  the  cable 
L,  in  EQ  (A-9),  for  finite  length; 


(  \  0.02461  V.RA  j  1 

lASRLl=20  logic  [l-fij- - J  +l°S>o|  ^ 


-0.23 


For  infinite  length: 


|A5RL|=20  logic  [l-R- 


0.02461  V„RA 


SRL  vs.  temperature: 

Attenuation  of  a  cable  At,  per  1000  feet  at  any  temperature  T  'F 
can  be  expressed  with  reference  to  its  68  'F  value  by  the  following 
expression  using  the  temperature  coeifficient  of  attenuation  of  the 
cable  1,/  'F 

Af=Ai^  ^l+L 


I A  7— A  raj 


=  t,i\T 


Substituting  R  from  Eq  (A-12)  in  Eq  (A-10)  and  Eq  (A-11),  ASRL 
can  be  expressed  as: 

for  finite  length 

,  [  (  A  0.02461  V-LATA 


,  A  0.02461  y, 

|A5RL|fs20  logic  [l-LATj- - j 


+log,c - - 3—  dS  {A-13) 

1-P-0.23I1-LAT|AL 


and  for  infinite  length 


(  \  0.02461  V-LATaI 

|A5RLl«20  logic[l-t.A7j- - -  d 
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Empirical  relationship  for  SRL  degradation  of  infinite  cable 
lengths: 

Let  ASRL  be  expressed  by  the  following  relationship  for  infinite 
length  of  cable  of  all  sizes  and  all  frequencies. 

ASRL^ SRLdegradationFactor  dB  (A-15) 

Using  Eq  (A-11),  ASRL  values  ire  computed  as  noted  in  Table  1. 


R  {%) 
2 
5 
7 

10 

12 

15 

20 

25 

30 


Table  1 

ASRL 

.176 

.446 

.632 

.918 

1.113 

1.415 

1.943 

2.505 

3.105 


0.0893 

0.0903 

0.0918 

0.0928 

0.0943 

0.0971 

0.1002 

0.1035 


By  drawing  a  regression  line  through  the  different  values  of  ilrfs]  . 
plotted  against  R  ,  an  emperical  relationship  can  be  found  for 
limited  range  of  attenuation  reduction  for  ASRL.  From  this  rela¬ 
tionship  is  estimated  to  be  0.093. 
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RADIO- FREQUENCY  CABLES  IN  RUSSIA 


A.  A.  Pavlov,  I.  B.  Peshkov  and  M.  F.  Popov 


All-Russian  Scientific  Research  Institute  of  the  Russian  Cable  Industry 
111112  Shosse  Entusiastov  5  Moscow,  Russia 


Sununary 

Radio-frequency  cables  are  used  in 
radio  communication  and  radar  systems,  in 
electronic  equipment  and  computers,  in 
control  and  television  systems,  in  above¬ 
ground,  underground  and  submarine 
applications  and  in  aircraft  and 

spacecraft  applications.  The  extensive  use 
of  radio- frequency  cables  which  serve  as 
links  for  the  reception  and  transmission 
of  radio  signals,  pulses  and  digital  data 
both  of  low  and  high  energy  rendered 
necessary  the  development  of  cables  with  a 
wide  range  of  dimensions  and  constructions 
(range  of  diameters  over  dielectric:  0.15 
to  80  mm  -  .006  in.  to  3.15  in.),  for 

operating  temperatures  between  -269“  and 
500“C.  Practically  all  types  of  cable 
construction  with  characteristic 

impedances  of  50,  75,  100,  150  and  200 

ohms  have  been  developed  and  are  being 
produced  in  Russia.  The  national  standard 
(GOST  11326.0-78)  which  includes  more  than 
300  cable  types  is  based  on  lEC 
(Subcommittee  46A)  recommendations  which 
also  takes  into  account  a  number  of 
requirements  of  the  U.S.  MIL-C-17F  as  well 
as  national  standards  of  other  countries. 

Fjac-ill-tles 

The  Special  Design  Bureau  of  the 
Cable  Industry  (known  as  "0KB  KP")  in 
Mytishchi,  near  Moscow  which  is  a  unit  of 
the  All-Russian  Scientific  Research 
Institute  for  the  Cable  Industry  and  the 
"Sevkabel"  factory  group  (St.  Petersburg) 
deal  with  the  design  and  the  production 
technology  and  provide  engineering 
services  for  the  cable  manufacturing 
plants.  A  number  of  scientific-technical 
investigations  of  radio- frequency  cable 
designs  for  new  and  developing  technical 
applications  have  been  completed. 
Calculations  of  design  parameters  and 
construction  data  have  been  developed  for 
different  cable  types,  including  radiating 
cables,  cables  with  corrugated  metallic 
conductors,  multi-conductor  cables 

operating  in  frequency  ranges  up  to  18  - 
20  GHz  as  well  as  phase-stable  cables  for 
radar  systems  and  super-flexible  cables 
for  spacecraft  communication  applications. 


General  Purnese . Cpax lal  and . Twin  Conductor 
Radio-Frequency  Cables  (-60°  to +85*0 

This  series  of  PE-insulated  cables  (solid, 
air  dielectric  and  foam  PE)  includes  about 
one  hundred  types  with  diameters  over  the 
insulation  ranging  from  0.6  to  33.0  mm 
(0.024  in.  to  1.3  in.).  The  inner 

conductors  (solid  or  stranded)  consist  of 
bare,  tinned  or  silver-plated  copper  wire. 
The  outer  conductors  are  braids.  The 
jackets  are  made  from  PE  or  PVC.  The 
larger  cable  types  carry  protective 
jaclcets  and  armor.  A  number  of  cables 
Include  under  the  PVC  jacket  a  barrier 
layer  of  polyamide  tape  which  prevents 
component  migration  from  the  jacket  to  the 
Insulation.  This  feature  protects  the 
service  life  of  the  cables  at  maximum 
operating  temperatures. 

Cables . ir_40  “  .to . +2Qa?C) 

These  cables  are  used  in  electronics 
and  radio  transmission  (Including  rf  power 
transmission)  and  for  aviation  or  cosmic 
applications  in  elevated  temperature 
environments.  The  insulation  consists  of 
multi-layered  PTFE  tape.  In  miniature 
cables  PTFE  or  FEP  insulation  materials 
(applied  by  ram  presses  or  extruders, 
respectively)  are  used.  The  inner  and 
outer  conductors  are  made  of  silver-plated 
wires.  The  jacket  materials  are  FEP, 
silicon  rubber  or  wrapped  PTFE  tapes  over 
which  a  braid  of  glass  filaments  is 
applied.  Diameters  over  the  insulation, 
which  is  impregnated  with  PTFE  particles 
and  subsequently  baked,  range  between  0.6 
and  17.3  mm  (.023  in.  to  .68  in.). 

Coaxial_i!ej!Ll-FLeMble-JIable^_wlt.^^^^ 
aad  _Coxx«gatM„CQnd«Gtors 

These  cables  are  used  in  television 
and  broadcasting  systems,  radio 

communication  and  radar  systems  and  in 
radio  measuring  equipment.  The  cables  of 
this  series  have  air  dielectric  (PE  or 
PTFE)  insulations,  with  different 
percentages  of  air  volume.  They  are 
standardized  by  their  reflection 
coefficients  (average  and  maximum  values) 
for  the  operating  frequency  bands. 


International  Wire  &  Cable  Symposium  Proceedings  1992  765 


This  series  Includes  cables  designed 
for  specific  requirements  (for  example: 
phase-stable  cables  for  phased  arrays  of 
radar  installations) .  It  is  known  that 
conventional  cables  significantly  change 
their  electrical  length  pi  with  a  change 
in  temperature  (P  =  phase  coefficient,  i= 
length) .  The  above-mentioned  changes  are 
due  to  variations  of  conductor  length  and 
the  dielectric  constant  (e)  of  the 
insulation  as  a  function  of  temperature. 

The  normal  value  of  the  temperature 
phase  coefficient  of  a  solid  PE-insulated 
cable  is  between  90  and  200  x  10** /®C.  The 
temperature  phase  coefficient  of  phase- 
stable  cables  will  not  exceed  10  to  15  x 
10-®/*C.  The  low  values  of  the  temperature 
phase  coefficient  are  obtained  by  using 
air  dielectric  with  a  strictly  defined 
dielectric  volume  (about  10%) ,  whereby  the 
variation  of  the  dielectric  constant  e 
compensates  for  the  change  in  conductor 
lengths.  Fig.  1  illustrates  the  phase 
variations  as  a  function  of  temperature 


Teapcrature  (*C) 

1  «  alr-*pae«4  inaalation 

2  •  (oaaad  Tafloo** 

3  ■  solid  Taflon* 

4  •  foaaad  FE 
$  ■  solid  FE 

Fig.  1  Phase-temperature  characteristics  of 
cables  with  different  insulations 


for  semi-flexible  cables  with  various 
types  of  insulation.  It  can  be  seen  that 
the  electrical  length  of  phase-stable 
cables  (curve  1)  changes  between  one  and 
two  orders  less  than  in  conventional  cable 
designs . 

The  standardization  of  phase-stable 
cables  according  to  the  reflection 
coefficient  within  distinctly  defined 
limits  (0.1  to  0.2)  ensures  the  uniformity 
of  their  amplitude  and  phase-shift- 
frequency  characteristics,  for  it  is  known 
that  these  parameters  are  interrelated.* 

Fig.  2  shows  test  results  of  the 
dependence  of  the  phase-shift  frequency 
relationship  on  the  value  of  the  cable 
input  reflection  coefficient. 

The  construction  parameters  of  some 
types  of  the  semi-flexible  cables  are 
listed  in  Table  1. 


f  -  100 
a|  =»  4  dB 
*  75  m 

MHz 

/ 

/ 

_ ✓ 

/ 

/ 

/ 

_ ^ 

/ 

/ 

/ 

/ 

\ 

\ 

\ 

\ 

0.1  0.2  0.3 

Reflection  coefficient 


Fig.  2  Increase  in  phase  coefficient  Apt 
due  to  periodical  non-uniformities 
depending  on  reflection  coeffi¬ 
cient  at  the  resonant  frequency. 


Semi-flexible  cables  for  connecting 
test  equipment  are  made  with  outer 
conductors  of  welded  thin  metal  tapes  with 
deep  corrugations,  with  50  ohms  Impedance. 
The  longitudinal  section  is  shown  in  Fig. 
3.  In  order  to  ensure  phase-temperature 
and  phase-mechanical  stability  a 
combination  PTFE  insulation  of  perforated 
and  foamed  tapes  is  used. 


Owing  to  the  deep  corrugation 
(height/corrugation  pitch  ratio:  >1)  the 
cables  can  withstand  about  5,000  double 
flexures  about  a  200  mm  (7.87  in.)  radius. 
Fig.  4  shows  the  frequency  dependence  of 
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the  attenuation  constant  of  the  mentioned 
cable. 

Measurements  of  the  phase-mechanical 
parameters  confirm  that  the  phase  change 
of  the  signal  in  a  cable  of  1.5  m  (4.92 
ft.)  length  during  a  flexure  cycle  with  a 
200  mm  (7.87  in.)radius  represents  between 
0.6  and  1.0  electrical  degrees  in  the 
frequency  range  up  to  15  GHz  and  1.0  to 
1.5  electrical  degrees  in  the  range  up  to 
18  GHz. 

Coaxial Semt-Rigld Cables with outer 

Conductors of . Solid  Copoer Tubes 

These  cable  types  are  used  in 
microwave  electronics,  instruments  and 
computers.  Their  insulation  is  PTFE  or 
FEP.  This  series  includes  cables  with 
diameters  over  the  insulation  of  0.15, 
0.3,  0.6,  1.0,  1.5,  2.2,  2.95  and  4.6  mm 

(.006,  .012,  .024,  .039,  .059,  .087,  .116 

and  .181  in.).  Constructional  details  and 
parameters  of  cables  of  this  series  are 
given  in  Table  2. 

Radiat.ing . Cables-J^__ComfflunifistiojiL.with 

Moviag__Qbie&tSx  j5uryeiiianco_-_and . CATV 

Systoms 

Radiating  cables  are  widely  Icnown  for 
their  dual  function  as  transmission  lines 
and  linear  antennas  in  the  metric 
frequency  band  resulting  from  the  slots  in 
the  outer  conductor. 


•  I  I  «  I 
'.1*1 


Fig.  3  External  view  and  longitudinal 
section  of  a  cable  with  deep 
corrugations 


RK  50-3,7-31 

RK  50-4-32 

RK  50-7-58 

RK  50-17-51 

RK  75-75-52 

Characteristic 

Impedance  (ohms) 

50±1.5 

50±2 

. . J 

50±1.5 

5011.5 

75±2 

Inner  conductor 
dia.  (mm) 

Cu  wire 

1  X  1.75 

mgSM 

Cu  tube 

7.5 

Cu  tube 

23.0 

Insulation 
dia.  (mm) 

PE 

3.7 

Foamed  PE 
4.6 

PE  helix 
7.25 

PE  helix 
17.3 

Teflon*  helix 
75.0 

Outer  conductor 
dia.  (mm) 

5.1 

Corr 

6.2 

ugated  copper  tube 

17.3  1  21.3 

86.0 

Jacket 

outer  dia.  (mm) 

6.5 

7.6 

Light  stabi 
11.2 

llzed  PE 

24.3 

92.0 

Weight 

(kg/km) 

62 

81 

189 

439 

3,120 

Attenuation  (•  3  GHz) 
dB/m,  nominal/max. 

0.72/0.9 

0.42/0.5 

0.21/0.28 

0.11/0.13 

0.0040/0.0045 

Phase-temperature  coeff. 
io-»/»c 

200 

80 

10 

10 

not  specified 

V8WR  (aver. /max.) 

1.3/1. 5 

1.3/1. 5 

1.2/1. 4 

1.2/1. 4 

not  specified 

Table  1.  Semi-Flexible  Radio-Frequency  Cables  (Typical  examples) 
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RK  50-0,3-218 

RK  50-0.6-25S 

RK  50-1-238 

RK  50-1.5-223 

RK  50-2-25S 

RK  50-3-29S 

RK50-4-27S 

Characteristic 
iBpedance  (ohas) 

50t5 

50±3 

5012 

5012 

5012 

5011 

5012 

Inner  conductor 
dia.  (aa) 

0.1 

0.18 

0.32 

0.47 

0.68 

0.895 

1.42 

Insulation 
dia.  (aa) 

0.3’«’0.02 

-0.05 

0.6+0.00 

-0.05 

1.010.05 

1.510.05 

2.210.05 

2.95 

4.610.1 

Outer  dia.  (aa) 

0.4510.05 

0.810.05 

1.510.05 

2.010.05 

2.810.05 

3.4310.05 

5.210.1 

Weight  (kg/lca) 

1.08 

3.13 

14.6 

21 

36.3 

41.5 

90.3 

Attenuation  (dB/a) 

•  1  GHz 

•  3  GHz 

•  10  GHz 

4 

15 

2 

10 

2.2 

4.4 

1.7 

3.4 

1.1 

2.2 

0.8 

1.7 

0.55 

Capacitance  (pF/a) 

95 

95 

95 

95 

95 

94 

94 

Operating  Teap.  range 
(•C) 

-60  to  +85 

-60  to  +85 

-60  to  +155 

-60  to  +155 

-60  to  +  125 

-60  to  +125 

-60  to  +85 

Min.  bending  radius  (aa) 

2 

3 

3 

...J! _ 

5 

8 

20 

Table  2.  Radio-Frequency  Cables  with  Solid  Teflon*  Insulation  and  Smooth  Copper  Tube  Outer  Conductor 


These  cables  are  used  in  communication 
systems  with  mobile  stations  (railways, 
subways,  tunnels,  surveillance  systems 
(including  private  properties).  The 
application  to  local  radio-telephony 
systems  (indoor  applications  and  in  large 
warehouses)  and  to  CATV  (for  example,  in 
the  open  country  and  in  mountainous  areas) 
is  being  investigated. 

The  optimum  combination  of 
transmission  and  radiating  properties  is 
obtained  by  selection  of  the  shape  of  the 
slots  and  their  size  and  location  along 
the  longitudinal  axis  of  the  cable. 
Radiating  cables  are  excellent  means  for 
the  establishment  of  local  broadcast 
networ)<s  in  areas,  such  as  subways, 
tunnels,  offices,  airports,  etc. 

In  selecting  a  radiating  cable  for 
specific  radio-communication  or  surveil¬ 
lance  applications,  the  users  must 
consider  the^ following  four  main  factors: 

-  Attenuation; 

-  Coupling  efficiency  through  the  slots 
in  the  outer  conductor; 

-  The  structure  of  the  external  electro¬ 
magnetic  field; 

-  Cost. 

To  provide  the  necessary  radiated 
power  level  for  communication  rather  large 
slots  are  necessary.  These  lead  to  changes 
in  the  main  electrical  characteristics  of 
the  cable  when  compared  to  a  similar  cable 
with  a  solid  outer  conductor.  As  the 
capacitance  decreases,  inductance,  charac¬ 
teristic  impedance  and  attenuation 
increase  and  the  transfer  impedance  and 
transfer  capacitance  exceed  by  10  to  1,000 
times  those  of  conventional  braided  radio¬ 
frequency  cables. 


Fig.  4  Frequency  dependence  of  attenu¬ 
ation  of  cables  with  deep 
corrugations 
D  =  4.6  mm,  Z  =  50  ohms 

In  the  design  of  radiating  cables  it 
is  necessary  to  consider  not  only  the 
cable  parameters  but  also  those  of  the 
external  electro-magnetic  field. 

The  theoretical  calculation  of  the 
external  electro-magnetic  field  parameters 
and  the  characteristics  of  radiating 
cables  are  given  in  ^ . 

In  particular,  the  impedance  of  a 
radiating  cable,  unlDce  that  of  a 
conventional  cable,  is  described  in  Eq.l: 


Z  B  ' 


60  In  (D/d) 


VT 


2  (M  +  P) 
»D«h  ln{D/d) 


(1) 
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wherein: 


M  and  P  =  magnetic  and  electrical 

polarization  characteristics  of 
the  slots 

d  and  D  =  diameters  of  the  inner  and  outer 
conductors 

h  =  distance  between  slots 

£  =  relative  dielectric  constant  of 

the  insulation 


The  quantities  M  and 
quantitative  representations 
electrical  and  magnetic  field 
which  pass  through  the 
respectively. 


P  are 
of  the 
energies 
slots , 


The  attenuation  constant  of  a 
radiating  cable,  unlike  that  of  a 
conventional  cable,  has  not  only  two 
components  (metal  losses  a*  and  dielectric 
losses  out )  but  three  additional  ones: 
losses  in  the  protective  jacket  (aj ) , 
radiation  losses  (ar )  and  losses  resulting 
from  installation  conditions  (ai)<.  Thus, 


a  =  a«+a<i+aj+ar+ai  (2) 

For  cables  in  which  the  surface  waves 
predominate,  the  radiation  loss  component 
is  negligibly  small  for  sufficiently  long 
cable  lengths.  Depending  on  the  type  of 
outer  conductor,  the  at  component 
determined  by  the  installation  conditions 
may  increase  the  total  attenuation 
constant  from  20%  to  100%  when  the  cable 
is  laid  on  concrete  or  buried.  For 
example.  Fig.  5  shows  the  percentage 
attenuation  ratio  contributed  by  all 
components  for  the  type  R1  50-7-11  cable 
in  free  air  installation. 


0  200  400  600  800  1,000 

Frequency  ( MHz ) 


Fig.  5  Attenuation  components  of  type 
RI-50-7-11  radiating  cable  upon 
installation  in  free  space 


Complete  electro-dynamic  analysis 
disclosed,  as  a  general  solution,  that  all 
six  components  lie  in  the  cylindrical 
coordinate  system  for  a  cable  of  infinite 
length.  In  this  case,  the  surface  wave 
components  Ez  ,  E^,  and  H^,  are  always 

present.  Furthermore,  in  the  case  where 
the  distance  between  slots  is  comparable 
to  the  wavelength,  one  has  to  deal  with 
the  radiated  wave  components.  If  the  slots 
are  at  an  angle  to  the  cable  axis  both 
surface  and  radiated  waves  with  com¬ 
ponents  E(p  ,  Hp  and  Hz  may  be  generated. 

In  the  case  of  a  finite  cable  length, 
additional  radiated  wave  components  Ez  ,  E^ 
and  Hq,  appear  even  when  the  distance 
between  the  slots  is  significantly  shorter 
than  the  wavelength.  In  general,  the  cable 
is  surrounded  by  a  combination  of  various 
wave  types.  In  the  case  of  radiating 
cables,  the  electro-magnetic  field  level 
is  usually  estimated  by  the  coupling 
losses,  as  measured  with  a  dipole.  Fig.  6 
shows  a  typical  example  of  coupling  loss 
dependence  for  a  120  m  (393.7  ft.)  length 
of  type  RI  50-7-11  cable  with  the  dipole 
placed  parallel  to  the  cable  and  at  a 
certain  distance  from  its  center  in  the 
radial  direction. 

Developments  completed  in  our 
research  center  in  the  1980s  led  to  the 
creation  of  a  series  of  radio-frequency 
cables  with  constant  slot  parameters  in 
which  the  external  electro-magnetic  field 
is  a  surface  wave.  The  parameters  of  this 
cable  series  are  shown  in  Table  3. 


O.tl  0.1 


10 

r/Z 


Fig.  6  Coupling  losses  as  a  function  of 
r/X,  .  wherein  r  =  distance  from 
the  cable  axis,  X=  wavelength  in 
free  space. 
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75-4-li 

R1  75-7-11 

R1  50-7-11 

R1  50-17-31 

RI  75-17-33 

Ch»’-  ceristic 

Impedance  ( ohms ) 

75±3 

7513 

5012 

5012 

5012 

Inner  conductor 

Cu  wire 

Cu  wire 

Cu  wire 

Cu  tube 

Cu  tube 

dia.  (am) 

0.83 

1.3 

2.5 

7.2 

7.2 

Insulation 

PE 

PE 

PE 

PE  helixitube 

Foamed  PE 

dia.  (nm) 

4.610.2 

7.7510.2 

7.7510.2 

17.310.6 

17.310.6 

Outer  conductor. 

Longitudinally  applied  corrugated  copper  tape  1 

thickness  (mm) 

0.05 

0.10 

0.10 

0.10 

0.10 

Jacket 

Light  stabilized  PE 

outer  dia.  (mm) 

7.0 

7.0 

11.2 

22.3 

22.3 

Weight  (kg/km) 

45 

120 

151 

365 

365 

Max.  attenuation  (dB/100  m) 

•  60  MHz 

9 

6 

6 

150  MHz 

3.2 

3.0 

450  MHz 

6.5 

6.0 

600  MHz 

27 

22 

20 

1,000  MHz 

12.0 

11.0 

Min.  transfer  impedance 

■■■I 

(Ohms/m) 

3.0 

2.7 

1.0 

1.0 

Aver,  coupling  loss  (dB) 

e  2.5  m,  60  MHz 

70 

70 

70 

2.0  m,  150  MHz 

75 

75 

Min.  bending  ladius  (mm) 

75 

110 

110 

250 

250 

Permissible  number  of 

bends  o /er  300  mm  dia. 

30 

30 

30 

not  specified 

not  specified 

Table  3.  Radiating  Radio-Frequency  Cables 


At  present  we  are  engaged  in  the 
development  of  a  radiating  cable  series 
with  variable  slot  parameters,  in 
particular,  for  CATV  applications  and 
high-speed  railway  radio-communication 
systems.  The  initial  design  requirement  is 
based  on  the  frequency  range  of  the 
application.  For  example,  in  CATV  systems 
in  the  110  to  790  MHz  range  radiating 
cables  have  a  sinusoidal  distribution  of 
oval  slot  sizes  with  2.2  to  2.5  m  (7.22  to 
8.2  ft.)  distance  between  slots.  In 
particular,  a  radiating  cable  with  ait- 
spaced  insulation  of  17.3  mm  (.68  in.) 
diameter  designed  for  the  above  frequency 
range,  has  coupling  losses  at  25  m 
distance  of  75  to  80  dB,  while  the  maximum 
attenuation  at  230  MHz  is  20  dB/km. 

Special  test  equipment  for  the 
measurement  of  the  external  electro¬ 
magnetic  field  of  radiating  cables  has 
been  designed.  Fig.  7  represents  the 
schematic  diagram  of  this  unit. 


tttaiatui::e..ajid_Sub-JlinjAture_^ 
cpjBpuiex-Miting,  Xtoappina.  an<l-.5older  mg) 

A  series  of  new  sub-minioture  and 
miniature  radio-frequency  cables  has  been 
developed  for  the  internal  wiring  (by 
wrapping  or  soldering)  of  electronic 
equipment,  computers  and  diagnostic 
equipment.  To  enhance  the  operational 
reliability  and  for  ease  of  wiring  the 
cable  construction  contains  a  drain  wire. 
The  cross-section  of  the  cable  is  shown  in 
Fig.  8. 

The  main  characteristics  of  cables 
with  drain  wires  for  wrapping  or  soldering 
terminations  are  shown  in  Table  4. 

Our  Center  is  manufacturing  sub¬ 
miniature  twin-conductor  radio- frequency 
cables  (Table  5) . 

Coaxial  and  twin-conductor  cables  can 
be  incorporated  in  ribbon  cables  or  cable 
bundles  with  practically  any  number  of 
pairs. 
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of  radiating  cables 


1  -  inner  conductor 

2  -  insulation 

3  -  aetallized  fila  screen 

4  -  drain  wi-n 

5  -  jacket 


Fig.  8  Cross-section  of  Miniature  and/or 
Sub-Miniature  Cable 


Super-Flexible  Coaxial,  Cables,  for  .tbe  -150 
to . 4-200»C  Tewperature  Range 

For  coMunicatlon,  navigation  and 
radar  systems  for  aircraft  and  spacecraft, 
super-flexible  heat-  and  cold-resistant 
radio- frequency  cables,  with  a  high  degree 
of  flexibility  and  resistance  to  multiple 
flexures  in  the  150  to  +200*C  temperature 
range  have  been  developed  and  are  being 
produced. 


These  cables  feature  reinforced, 
stranded  inner  conductors  of  silver-plated 
wires  and  braided  outer  conductors  of 
silver-plated  wires.  The  insulation 
consists  of  a  closely-spaced  PTFE  helix. 
Protective  jackets  are  made  from  PTFE 
tapes  and  braids  of  durable  heat-resistant 
fibers.  The  cables  retain  their 
flexibility  down  to  liquid  nitrogen 
temperatures  (-196®C) .  The  bending  moment 
values  are  standardized.  The  main 
applications  consist  of  flexible  cable 
links  in  antenna  feeder  systems  operating 
at  low  temperatures  (for  example,  in  space 
environment) . 

The  main  electrical  characteristics 
and  mechanical  properties  of  some  of  these 
cables  are  given  in  Table  6. 

Methods  for  calculating  conductor 
resistance  at  high  frequencies  and 
attenuation  cons'^ant  over  a  broad  range  of 
frequencies  and  temperatures  have  been 
developed.  These  methods  take  into  account 
the  stranded  construction  of  the 
conductors  and  the  contact  resistance 
between  the  wires®  •  *  •  It  has  been  shown 
that  the  angle  of  the  stranding  or 
braiding  of  the  conductors  has  a  major 
influence  on  the  attenuation  constant  in 
the  frequency  range  between  1  to  20  GHz 
within  the  given  temperature  range  (Figs. 
9  and  10) . 

This  phenomenon  has  been  studied  both 
experimentally  and  theoretically  as  a 
function  of  contact  resistance  between  the 
wires.  It  shows  up  most  clearly  in  the 
frequency  range  above  3  GHz.  Note,  that  in 
the  IBC  recommendations  (Committee  46A, 
Publication  96-0)  this  phenomenon  is  not 
considered. 

For  the  measurement  and  standar¬ 
dization  of  bending  moments  special 
methods  and  equipment  have  been  developed. 
In  the  test  the  cable  specimen  is  bent 
over  a  circular  arc  during  the  entire  test 
cycle.  The  bending  radius  is  cyclically 
changed  within  predetermined  limits.  In 
this  procedure  the  cable  specimen  is 
subjected  to  bend  ng  forces  only  whereby 
the  bending  strain  is  distributed 
uniformly  over  the  entire  cable  specimen 
(except  for  the  parts  near  the  clamps)  . 
This  pure  bending  test  allows  measurement 
of  the  bending  moment  as  a  function  of  the 
cable  bending  radius  as  well  as  phase 
changes  of  the  microwave  signal  at  cable 
flexure  for  a  specified  radius.’ 

Figs.  11  and  12  illustrate  the 
measurement  methods  and  the  physical 
significance  of  the  measured  values. 
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Resistance  coefficient  R«/Ri 


Table  4.  Miniature  and  Sub-Miniature  Radio-Frequency  Cables 


Frequency  dependence  of  resistance 
coefficient  of  a  stranded  conduc¬ 
tor  (19  wires)  of  silver-plated 
and  bare  copper  wires  of  0.32  mm 
diameter. 


Fig.  10  Frequency  dependence  of  the 
attenuation  of  cable  type 
PK-50-7-22  at  77  K  and  293  K 
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bending  stress 


Min  i a t ur e„  and  Sub-Miniat axe  „  Radi o  - 
Freauency  Cable  Sexies  _  with  Non-Bx® 

Qutex Conductors 

It  is  well  known  that  the  production 
process  of  the  outer  braided  conductor  for 
radio-frequency  cables  involves  large 
amounts  of  noise  and  low  production  rates, 
especially  when  it  concerns  miniature  and 
sub-miniature  cables  (0.1  -  0.5  m/min.  - 
.33  to  1.64  ft. /min.). 

Our  Center  has  developed  cable 
designs,  technologies  and  equipment  for 
the  longitudinal  application  of  wires 
(instead  of  braid)  for  miniature  and  sub- 
miniature  cables.  This  innovation 
increases  the  production  rates  by  a  factor 
of  about  5  to  8. 

The  mechanical  properties  and 
electrical  parameters  of  cables  with 
longitudinally-applied  wires  differ  little 
from  braided  cables.  However,  they  offer 
smaller  dimensions  and  weight.  By  means  of 
the  above-mentioned  technology  a  miniature 
flexible  cable  with  stranded  conductors, 
with  FEP  insulation  and  a  0.6  mm  (.024 
in.)  outer  diameter  over  the  jacket  has 
been  produced  (Table  7)  .  This  cable  has 
applications,  for  example,  in  medicine  for 
the  insertion  of  intravenous  sensors  and 
for  the  introduction  of  radiation  sources 
in  humans  (even  into  the  veins  of  an 
infant) . 

AntlrVlbxatieaai . (Anti -Noise}  Cable 

All  wires  and  cables  subjected  to 
vibration  generate  electrical  noise  which 
relates  to  piezo-electricity  and  charge 
separation  at  the  conductor-insulation 
interface.  Thus,  for  signal  transmission, 
for  example,  from  the  output  of  a  piezo¬ 
electric  sensor  for  vibration  measurement 
to  the  input  of  a  high- impedance  amplifier 
or  instrument,  low-noise  cables  are  used. 
A  particular  feature  of  these  cables  is  a 
conductive  layer  on  the  surface  of  the 
insulation  (both  on  the  outer  and  inner 
surface)  which  is  formed  by  fluoro- 
suspension  or  conductive  PE. 

The  inner  conductor  is  a  strand  and 
the  outer  conductor  (screen)  consists  of  a 
braid  of  tinned,  silver-plated  or  nickel- 
plated  copper  wires. 

Depending  on  the  materials  used, 
these  cables  are  divided  into  two  groups: 

-  group  of  normal  heat-resistance 
(from  -60  to  +85*0:  PE-insulated 
cables  with  PE  or  PVC  jackets, 

ABK-1,  ABK-2  and  ABK-3  types; 
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-  high-temperature  cable  group  (-60 
to  +250*0 ;  cables  with  Teflon*  or 
silicon  rubber  insulation.  ABKT-4, 
ABKT-5  and  ABKT-6  types. 

They  are,  again,  subdivided  into 

two  groups  according  to  the  design: 

-  coaxial  cable  types:  ABK-1, 

ABK2(3),  ABKT-6  and  ABKTMP-1; 

-  twin  conductor  cables:  ABKT  (II), 
ABKTM-2  and  ABKTMP-2  types. 

These  cables  feature  long-term 
stability  of  low-noise  properties  under 
environmental  and  mechanical  exposure.  The 
noise  reduction  obtained  through  the  use 
of  these  cables  is  at  least  40  dB. 

More  than  ten  cable  plants  are 
producing  radio-frequency  cables  in 
Russia.  They  are  equipped  with  all 
necessary  instruments  and  test  equipment 
for  standard  tests .  Our  Center  has  a  set 
of  test  equipment  for  all  types  of  radio¬ 
frequency  cable  parameter  measurements  in 
the  frequency  range  between  0.1  and  40  GHz 
as  well  as  for  environmental  and 
mechanical  tests. 
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RD  50-0,6-21 

RD  50-1-11 

RD  75-1-11 

RD  100-1,5-11 

Characteristic 

Impedance  (ohms) 

50+10,-0 

50+7. 5, -5 

75t7 

lOOtlO 

Conductor 

CuAg 

CuSn 

CuSn 

CuSn 

dia.  (mm) 

0.15  St  0.18 

0.3 

0.3 

0.3 

Insulation  material 

Tef Iona 

Polyimide 

Polyimide 

Teflon* 

Ola.  over  Insul.  (mm) 

0.2 

0.35 

0.41 

0.5 

Jacket  material 

Teflon* 

PE 

PE 

PE 

Max.  outer  dia.  (mm) 

0.75 

1.4 

1.5 

h — r; — 

Weight  (kg/km) 

1.21 

2.2 

2.42 

2.76 

Attenuation  0  200  MHz 
(dB/m) 

3.0 

r 

1.6 

1.4 

1.2 

Capacitance  (pF/m) 

98 

100 

70 

45 

Min.  bending  radius  (mm) 

2 

3 

3 

3 

— 

Teble  5.  Sub-Miniature  Twin-Conductor  Radio-Frequency  Cables 
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RK  50-7-415 

BK  50-7-416 

RK  50-4-49 

RK  50-1,5-213 

RK  50-2-212 

RK  50-2-213 

Characteristic 

Impedance  <  ohms ) 

50*3 

50*3 

5012 

■  "  ■  ■  ■ 

5013 

5013 

5013 

Inner  conductor 
dia.  (mm) 

Stranded  wire 
2.45 

Stranded  wire 
2.37 

(19x0.33) 

1.6 

(19X0.10) 

(19x0.15) 

(19x0.15) 

Insulation 
dia.  (mm) 

Tef lose/air 
7.25i0.20 

Tef lone/sir 
7.25i0.20 

Tef loae/air 
4.610.20 

Tef looe/folid 
1.5+0.00,-0.15 

Tef lose/tolid 
2.2+0.00,-0.15 

Tef looe/solid 

2.2+0.00,-0.15 

Braided  outer  cond. 
wire  dia.  (mm) 

single  braid 
0.15 

single  braid 
0.15 

single  braid 
0.15 

single  braid 

0.1 

single  braid 

0.1 

two  braids 

0.1 

Outer  dia.  (mm) 

8.49±0.30 

8.4510.30 

5.810.5 

2.810.3 

3.310.3 

4.010.3 

Weight  (kg/km) 

186 

126 

nm^QHHi 

12 

25 

33 

Attenuation  (dB/m) 

•  0.2  GHz 

1  GHz 

3  GHz 

10  GHz 

0.4 

o.a 

B 

4 

3 

3 

Nln.  bending  radius  (mm) 

•  ♦20*C 

•  -200*C 

100 

100 

30 

100 

4 

5 

5 

Permissible  number  o£ 
bends 

t  +20*C 
•  -200*C 

50.000 

15,000 

50 . 000 

15,000 

10,000 

3,000 

30.000 

30,000 

30,000 

Table  6.  Super**Flexible  Radlo*Prequency  Cables 


RK  S0-0,6-a3N 

RK  50-1-24N 

RK  50-l,5-23N 

RK  50-1-13N 

RK  75-1-13N 

Characteristic 

Inpedance  (ohms) 

S0±5 

50t2 

5013.5 

5013.5 

7515 

Inner  conductor 
(mm) 

CuAg 

7x0.08 

CuAg 

7x0 . 12 

CuAg 

7x0.18 

CuAg 

7x0.11 

CuAg 

7x0 . 06 

Insulation 
thickness  (mm) 

FEP 

0.6 

FEP 

1.0 

FEP 

1.5 

HmIIH 

PE 

1.0 

Jacket  material 

FEP 

FEP 

FEP 

PE 

PE 

Outer  dia.  (mm) 

1.3 

1.7 

3.4 

mSBM 

1.9 

Weight  (kg/km) 

3.27 

6.85 

15 

miBm 

5.1 

Attenuation  (dB/m) 

•  0.2  GHz 

3  GHz 

10  GKz 

0.9 

4 

0.62 

3.8 

4.3 

0.65 

0.65 

Capacitance  (pF/m) 

95 

95 

95 

100 

67 

Operating 

temp,  range  (*C) 

-60  to  +200 

-60  to  +300 

-60  to  +200 

-60  to  +85 

-60  to  +85 

Min.  bending  radius  (mm) 

5 

9 

15 

10 

10 

Table  7.  RF  Cables  with  Outer  Conductors  Consisting  of  liOngitudinally-Applied  Wires  held  together  by 
a  Wire  Wrap  and  Jacket 


International  Wire  &  Cable  Symposium  Proceedings  1992  775 


1.  Teflon*  is  a  registered  trademark  of  E. 

1.  Du  Pont  de  Nemours  &  Co. 

2.  N.  I.  Dorezuk,  M.  F.  Popov,  "Radio- 
Frequency  Cables  of  High  Uniformity", 
Svyaz  Publisher,  Moscow,  1979,  104  pp. 

3.  V.  N.  Korotkov,  "The  Parameters  of  the 
External  Electromagnetic  Field  of 
Radiating  Coaxial  Cables.  -  Investigation 
and  Manufacture  of  Cables  and  Wires", 
Sbornik  Nauchnykh  Trudov  VNIIKP 
(Collection  of  Scientific  Papers  of  the 
Research  Institute  of  the  Cable  Industry) , 
1988,  pp.  67-80. 

4.  P.  R.  Bazanskaya,  V.  N.  Korotkov,  "The 
Parameters  of  RF  Coaxial  Cables  with 
Openings  in  Outer  Conductors  -  Theory, 
Investigation,  Cable  Design,  Manufacturing 
Technology,  Materials".  Published  in 
Sbornik  Nauchnykh  Trudov  VNIIKP,  December 
1987,  pp.  59-62. 

5.  B.  V.  Maikov,  A.  A.  Pavlov,  "The 
Numerical  Analysis  of  the  High-Frequency 
Resistance  of  Multiwire  Conductors", 
Elektrotechnika ,  No.  1,  1989,  pp.  52-55, 
publ.  by  Elektroatomizdat . 

6.  D.  Ya.  Galperovich,  A.  A.  Pavlov,  N.  N. 
Khrenkov,  "Radio-Frequency  Cables". 
Energoatomizdat,  1990,  256  pp. 

7.  M.  L.  strupinsky,  "Numerical  Method  for 
Calculation  of  Flexible  Rods  as  Applied  to 
the  Analysis  of  the  Mechanical 
Characteristics  of  RF  Cables".  Author's 
abstract  of  a  dissertation  submitted  for  a 
PhD.  degree. 


Anatoli j  Pavlov 
Special  Design  Bureau 
of  the  Cable  Industry, 
141002  Jadreevskaya ,  4 
Mytishchi,  Moskovskaya 
Oblast,  Russia 


Anatolij  Pavlov  graduated  in  1971  from  the 
Moscow  Power  Engineering  Institute  with  a 
degree  in  Electrical  Engineering.  He  then 
joined  the  Special  Design  Bureau  of  the 
Cable  Industry  (0KB  KP)  as  a  development 
engineer  and,  in  1986,  became  the  chief  of 
its  radio- frequency  cable  department.  He 
received  a  Doctor  of  Science  degree  for 
research  in  cable  engineering.  Dr.  Pavlov 
is  the  author  and  co-author  of  books  and 
articles  dealing  with  radio- frequency 
cable  theory,  design  and  technology. 


Izyaslav  Peshkov 
All-Russian  Scien¬ 
tific  Research 
Institute  of  the 
Russian  Cable 
Industry,  111112 
Shosse  Entusiastov  5, 
Moscow,  Russia 


Izyaslav  Peshkov  graduated  in  1960  from 
the  Moscow  Power  Engineering  Institute 
with  a  degree  in  Electrical  Engineering. 
He  then  joined  the  All-Russian  Scientific 
Research  Institute  of  the  Russian  Cable 
Industry  as  a  development  engineer  and,  in 
1970,  became  its  director.  He  received  a 
Doctor  of  Science  degree  for  research  in 
cable  engineering  and  was  appointed  a 
Professor  at  the  Moscow  Power  Engineering 
Institute.  Dr.  Peshkov  is  the  author  and 
co-author  of  numerous  books  and  articles 
dealing  with  cable  design  and  technology. 
He  is  presently  director-general  of  the 
^ii“Ri*ssian  Scientific  Research  Institute 
of  the  Russian  Cable  Industry,  Chairman  of 
the  Board  of  the  Russian  Cablemakers 
Association  and  Member  of  the  Council  of 
the  International  Cablemakers  Federation. 


Michail  Popov 
Special  Design  Bureau 
of  the  Cable  Industry 
141002  Jadreevskaya,  4 
Mytishchi,  Moskovskaya 
Oblast,  Russia 


Michail  Popov  graduated  in  1962  from  the 
Moscow  Power  Engineering  Institute  with  a 
degree  in  Electrical  Engineering.  He  then 
joined  the  Special  Design  Bureau  of  the 
Cable  Industry  (0KB  KP)  as  a  development 
engineer  and,  in  1981,  became  the  chief  of 
its  fiber  optic  cable  department.  In  1986 
he  became  its  director.  He  received  a 
Doctor  of  Science  degree  for  research  in 
cable  engineering.  Dr.  Popov  is  the  author 
and  co-author  of  books  and  articles 
dealing  with  radio- frequency  and  fiber 
optic  cable  theory,  design  and  technology. 


776  International  Wire  &  Cable  Symposium  Proceedings  1992 


Automated  Equipment  to  Assemble  Connectors  for  Telecommunication  Cables 
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Abstract  -  Automated  equipment  to  assemble  connec¬ 
tors  for  telecommunication  cables  is  proposed.  The 
equipment  can  pick  up  a  conductor  from  a  set  of  twisted 
conductors,  identify  the  conductor  number  by  the  color  of 
its  insulation,  and  arrange  it  on  a  connector.  Using 
experiments  on  test  versions,  the  basic  requirements  are 
determined  and  evaluated,  and  the  process  control 
method  for  lines  is  confirmed.  Based  on  the  experimental 
results,  estimations,  and  human  interface,  the  equipment 
is  designed  and  a  prototype  is  manufactured.  The  use  of 
this  equipment  is  expected  to  reduce  assembly  time  and 
eliminate  human  error. 

1.  Introduction 

Robotics  and  automation  technology  have  recently 
become  important  in  outside  plant  construction,  due  to 
soaring  labor  costs.  In  addition,  it  is  expected  that  it  will  be 
difficult  to  obtain  a  highly  skilled  labor  force  in  the  near 
future  [1].  In  assembling  outside  telecommunication  cables, 
splicing  the  cable  conductors  requires  a  great  amount  of 
work  and  a  high  level  of  skill.  This  is  because  cable 
conductors  are  spliced  by  manually  twisting  them  or  by 
using  the  manual  twist-and-solder  method.  It  is  therefore 
advantageous  to  automate  and  simplify  cable  conductor 
splicing. 

Furthermore,  the  required  reliability  and  flexibility  of 
cable  splicing  have  increased  with  the  advances  in  telecom¬ 
munication  technology.  For  example.  Integrated  Services 
Digital  Networks  (ISDN),  which  provide  simuluneous 
voice,  dau,  and  image  services  incorporating  a  digital 
switching  and  transmission  system,  were  recently  introduced 
under  the  guidance  of  the  International  Telegraph  and 
Telephone  Consultative  Committee  (CCITT)  [2](3][4][5]. 
Nippon  Telegraph  and  Telephone  Corporation  (NTT) 


began  providing  ISDN  service,  INS-Net  64,  in  April  1988 
[6].  INS-Net  64  has  been  growing  steadily  and  requires 
high  reliability  and  flexibility.  The  development  of  the  pair 
transferable  connector  (PAT  connector)  and  the  cable 
transfer  splicing  system  (CATS  system)  satisfy  some  of 
these  requirements,  but  connector  assembly  is  still  not 
automated  [7].  Therefore,  additional  work  is  needed  to 
eliminate  human  enors  and  reduce  assembly  time. 

Automated  equipments  to  assemble  electronic  connectors 
are  already  on  the  market.  However  these  equipments  are 
not  applicable  to  telecommunications  for  two  reasons.  The 
first  reason  is  the  fundamental  problem  that  to  assemble 
connectors  at  one  end  of  the  cable,  an  electrical  signal  must 
be  sent  from  the  other  end  of  the  cable  in  order  to  identify 
the  conductor  number.  For  telecommunications,  it  is 
necessary  to  operate  at  only  one  end  of  the  cable,  because 
the  ends  of  the  cable  are  too  distant  from  each  other. 
Moreover,  a  method  to  pick  up  a  conductor  from  the 
twisted  conductors  is  not  provided.  Automating  only  the 
conductor  anangement  process  is  not  enough  to  eliminate 
human  error  and  decrease  assembly  time.  The  second 
reason  is  that  the  outdoor  environment  is  much  worse  than 
in  a  factory.  It  is  usually  narrow,  wet,  dusty,  and  unstable. 
The  above  equipments  were  developed  for  a  factory  envi¬ 
ronment.  A  few  researchers  have  developed  automatic 
equipments  to  assemble  connectors  for  telecommunication. 
One  of  the  most  interesting  results  has  been  reported  by 
Ebrey,  Sckerl  and  Seaman  [8].  They  proposed  automatic 
connectorizing  machines  to  manipulate  wires  at  high 
speeds.  However,  because  they  identify  the  conductor 
number  using  electrical  signals  and  were  developed  for  a 
factory  environment,  it  does  not  satisfy  the  requirements  for 
assembling  connectors  in  manholes. 

In  this  paper,  we  will  first  explain  the  background  of 
copper  cable  splicing.  Next,  through  experiments  using  test 
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versions,  we  will  determine  and  evaluate  the  basic  require¬ 
ments  and  confirm  the  process  control  method.  Then, 
using  the  experimental  results,  estimations,  and  human 
interface,  the  equipment  is  designed  and  a  prototype  is 
manufactured. 

2.  Background 

A.  Cables 

The  cable  used  is  PEC  cable,  which  has  polyethylene 
foam  (PEF)  insiulation  and  is  color-coded.  The  conductor 
gauges  and  PEF  thicknesses  are  shown  in  Table  1.  As 
shown  in  Fig.  1,  four  conductors  twisted  together  make  a 
quad,  five  quads  are  assembled  to  form  a  subunit,  and  ten 
subunits  constitute  a  unit.  The  conductors  are  identified  by 
their  insulation  colors.  Blue,  yellow,  green,  red,  and  violet 
identify  the  quad  number.  The  other  conductors  in  each 
quad  arc  white,  brown,  and  black.  The  largest  cable 
consists  of  3,600  pairs  (7,200  conductors). 

fl.  Conneclars  and  Assembly  Method 

Fig.  2  shows  a  PAT  connector  which  is  designed  to 
connect  ten  conductor  pairs  at  a  time  and  to  easily  separate 
or  mate  them.  It  has  a  plastic  body  with  metallic  U- 
connecting  elements,  which  makes  it  possible  to  splice  the 
conductor  and  connect  two  PAT  connectors.  It  is  superior 
to  regular  connectors  for  the  following  reasons: 

a)  Conductors  are  spliced  using  highly  reliable  U-con- 
necting  elements,  so  the  splicing  points  have  long¬ 
term  stability. 

b)  It  can  be  used  for  both  regular  splicing  of  newly 
installed  cable  and  transfer  splicing. 

c)  It  has  holes  for  electrical  contact,  so  it  is  useful  for 
transfer  splicing  with  transfer  equipment,  making  it 
possible  to  maintain  the  splice  points  easily  and 
effectively. 

PAT  connectors  are  assembled  using  the  equipment  shown 
in  Fig.  3.  And  the  cable  splicing  process  is  shown  in  Fig. 
4. 


TABLE  1 

Conductor  Gauges  and  PEF  Insulation  Thicknesses. 


Conductor  Gauge 

'  PEF  IiKulation  Thickness 

1 - - 

0.32  mm 

1 

1  0.08  mm 

0.40  mm 

4 

j  0.09  mm 

0.S0  mm 

j  0.11  mm 

0.6S  mm 

1 

j  0.13  mm 

0.90  mm 

1 

1  0.18  mm 

5  cm 


Fig.  2:  PAT  Connector. 
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Fig.  3:  PAT  Connector  Assembly  Equipment. 


table  Splicii«  ftecessl 


[Conector  taobly  Pmssl 


Fig.  4:  Cable  Splicing  Process. 


3.  ASSEMBLY  PROCESS 


1)  Process:  Fig.  5  shows  the  process  for  the  picking  up 
a  quad.  Without  automation,  the  worker  places  a  subunit 
in  a  slit  slightly  larger  than  the  diameter  of  one  quad.  With 
automation,  the  equipment  picks  up  a  quad  as  shown  in  the 
figure.  In  this  process,  the  approach  to  the  quad  is  most 
important.  The  pickup  head  must  not  force  the  quad, 
otherwise  the  quad  will  remain  untwisted  and  the  process 
will  fail.  So  the  pickup  head  must  approach  the  quad 
gently.  We  thus  use  a  spring-loaded  R-shaped  pickup 
head. 

2)  Experiment:  Fig.  6  shows  the  experimental  setup  used 
for  picking  up  a  quad.  The  pickup  head  is  driven  by 
position-controlled  robotic  anns.  Eliminating  the  force 
controller  simplifies  the  process.  Tliis  experiment  showed 
that  the  results  are  affected  by  human  actions.  A  subunit 
is  considered  to  be  in  good  condition  if  every  quad  is 
twisted.  It  is  in  bad  condition  if  some  quads  arc  left 
untwisted.  In  the  experiments,  the  ratio  of  successes  (good 
conditions)  to  failures  (bad  conditions)  was  987:13.  In  the 
final  equipment,  the  person  must  be  able  to  place  the  quads 
easily. 


R-stope4  Pickup  Head 
Spry,  ^  I 

ZJ/CE 


h 

Quod 


(a) 


-Sht 


(b> 

Quad  Pickup  Tool 


[ 


<c) 


Fig.  S:  Quad  Pick-Up  Process. 


This  section  discusses  the  processes  used  by  the  auto¬ 
mated  equipment  to  assemble  connectors.  Each  process  is 
explained,  and  the  fundamental  characteristics  are  deter¬ 
mined  by  experiment  and  estimation. 


B.  Untwisting 

1)  Process:  After  the  quad  is  picked  up,  it  is  untwisted 
by  stroking  it,  as  shown  in  Fig.  7.  Each  stroke  must  untwist 
about  one  twist  pitch  (3-7  an)  of  the  quad.  To  untwisted 
a  length  of  10  cm,  at  least  three  strokes  arc  necessary. 
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Rg.  6:  Experimental  Setup  for  Picking  up  Quad. 

Slraking.^1^ 

1  dPressure 

Quad 

^  - 

_ ^ 

(a) 

- . •> 

(b) 

*'l  aiteh* 

—1  1^ 

CT. 

fc'* 

(e) 

. > 

(d) 

fc'* 

(e) 

. •> 

(0 

Fig.  7:  Untwisting  Process. 


because  if  the  equipment  tries  to  untwist  a  quad-long 
length  (more  than  two  twist-pitches)  in  one  stroke,  the 
conductor  insulation  is  usually  damaged.  Also,  the  stroking 
device  must  not  press  down  too  hard  or  the  insulation  may 
be  damaged.  When  the  equipment  fails  to  untwist  the 
quad,  the  stroking  device  should  pass  over  it  without 
dama^ng  the  insulation. 

Fig.  8  shows  the  untwisting  tool  structure.  It  has  several 
stroking  devices  moving  on  a  track,  and  a  plate  with  a  step. 
The  stroking  device  can  only  untwist  a  quad  on  the  upper 
portion  of  the  plate.  It  cannot  untwist  a  quad  on  the  lower 
portion,  because  of  insufficient  pressure.  The  quads  are 
gradually  untwisted  with  increasing  upper  portion. 

With  this  technique,  the  friction  of  the  stroking  device  is 
an  important  factor  in  controlling  the  conductors.  The 
proper  friction  makes  the  conductors  straight,  and  thus  easy 


to  pick  up.  This  helps  in  arranging  the  conductors  on  the 
connector. 

2)  Experiment:  The  experiment  was  executed  to  confinn 
the  untwisting  principles  shown  in  Fig.  8.  Fig.  9  shows  the 
experimental  setup.  The  experiment  confirmed  that  the 
equipment  can  untwist  quads  without  damaging  the  insula¬ 
tion. 

C  Conveying  and  Picking  up  a  Conductor 

1)  Picking  up  a  Conductor;  We  will  first  explain  how  to 
pick  up  a  conductor  using  an  easy  example.  The  untwisted 
conductors  are  first  conveyed  to  the  pick-up  position. 
Then  a  comb  separates  the  conductors,  as  shown  in  Fig.  10. 
The  comb  has  several  slits,  slightly  wider  than  the  conduc¬ 
tor  diameter. 

Preliminary  experiments  were  conducted  to  detenninc  the 
requirements  for  picking  up  a  conductor.  Tlie  requirements 
are  as  follows: 

a)  In  order  to  avoid  picking  up  two  conductors,  the 
openings  in  the  upper  and  lower  plates  must  be  as 
small  as  possible,  but  still  large  enough  to  ensure 
one  conductor  is  picked  up. 


Stnkinf  Device 


Quod  loeer  Porltaa  hrtioe 

Filed  niiDt 


Fig.  8:  Untwisting  Tool  Structure. 


Ftg.  9:  Setup  for  Untwisting  Experiment 
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W  (b)  (c) 

Fig.  10:  Conductor  Pick-Up  Process. 


b)  To  avoid  damaging  the  insulation,  the  comb  must  be 
1  to  2  mm  thick  and  the  conductors  must  be  per¬ 
pendicular  to  the  comb. 

2)  Process:  Our  process  for  conveying  and  picking  up  a 
conductor  meets  the  above  requirements.  It  is  shown  in 
Fig.  11.  There  is  a  different  conductor  screw  for  each  of 
the  five  conductor  gauges.  Each  conductor  saew  has  a 
slightly  larger  groove  than  the  corresponding  conductor 
diameter.  Tlte  quad  screw  has  a  somewhat  larger  groove 
than  the  quad  diameter  for  a  conductor  gauge  of  0.9  mm. 
It  can  be  used  for  all  sizes  of  conductors.  After  the  quad 
is  picked  up,  it  is  conveyed  to  the  quad  screw.  While  the 
quad  is  being  conveyed,  the  conductors  are  untwisted.  By 
the  time  the  quad  reaches  the  conductor  screw,  they  are 
untwisted.  The  conductor  saew  then  picks  up  the  untwist¬ 
ed  conductors  and  conveys  them,  as  shown  in  Fig.  II. 


of  the  color  sensor.  Its  output  is  an  RGB  signal.  This 
color  sensor  is  already  on  the  market,  but  has  not  been 


3)  Experiment:  Fig.  12  shows  the  experimental  setup 
used  to  evaluate  the  conductor  pick-up  process.  The 
experiments  were  carried  out  using  many  different  conduc¬ 
tor  screws.  Some  of  the  requirements  for  picking  up 
conductors  without  damaging  the  insulation  are: 

1)  The  conductor  screw  groove  must  be  slightly  larger 
than  the  corresponding  conductor  diameter. 

2)  The  conductors  must  be  straight. 

3)  The  conductors  must  be  pushed  gently  to  the  con¬ 
ductor  screw. 

D.  Conductor  dumber  Identification 

There  is  a  color  sensor  in  the  conductor  support  to 
identify  the  conductor  number.  Fig.  13  shows  the  structure 


Fig.  12:  Experimental  Setup  for  Conductor  Pick-Up. 
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used  for  assembling  connectors.  So  new  software  was 
developed  to  process  the  RGB  signals. 

As  explained  earlier,  eight  colors  are  used  to  identify  the 
conductor  numbers.  These  ei^t  colors  are  measured  and 
used  to  set  the  color  standards.  A  color  is  represented  as 
a  3-dimcnsional  vector,  I  =  (Ij,  I2.  y.  The  values  1;  are 
I,  =  Mr-Wr.  Ij=Mo-Wo.  and  13=  Mb- W,  (1) 

where  Mx  is  the  measured  RGB  signal  intensity  and  Wx  is 
the  standard  RGB  signal  intensity  of  white.  Each  conduc¬ 
tor  color  is  detemrined  by  the  following  equation; 

D(C„C3)  =  {M  -  (C,  +  C,)  /  2}  •  (C,  -  CJ,  (2) 

where  C,,  and  C,  are  the  standard  color  vectors,  and  M  is 
the  measured  color  vector.  D(C,,Cj)  shows  which  standard 
color  vector  the  measured  color  vector  is  nearer  to  in  3- 
dimcnsional  space.  If  D(C„Ci)  <  0,  the  measured  color 
vector  is  nearer  to  C,,  and  if  not,  it  is  nearer  to  C,. 
D(C„C2)  is  checked  for  all  combinations  of  standard  color 
vectors  (C,,Cj).  Then  the  measured  color  is  judged  to  be 
the  nearest  standard  color. 

This  technique  was  confirmed  using  the  experimental 
setup  for  conveving  and  picking  up  a  conductor,  as  shown 
in  Fig.  12.  There  were  no  errors  during  2000  trials. 

E:  Conductor  Arrangement 

Equipments  to  arrange  conductors  are  already  on  the 
market.  Based  on  our  work  on  various  techniques  for 
automated  connector  assembly  for  telecommunication 
cables,  the  technique  shown  in  Fig.  14  was  chosen  for  the 
following  reasons: 

1)  It  reduces  the  size  of  the  equipment  that  assembles 
connectors. 


teDduciy  Scrci  |t 
Pia  I  Pia  2 


CondicliPsw 


Pia  I  Pia  3 


2)  The  conductors  can  be  arranged  without  damaging 
the  insulation. 

3)  It  fits  well  with  the  related  processes. 

After  this  process,  the  following  processes  are  carried  out 
manually;  place  the  connector  cover,  press  the  connector, 
cut  useless  conductors,  and  pick  up  the  fully  assembled 
connector.  How  to  combine  the  machine  operation  with 
human  operation  is  evaluated  in  the  following  discussion. 

4.  Equipment  design 


A.  Requirements 

The  previous  sections  have  described  the  processes  used 
by  the  automated  equipment  to  a.ssemblc  connectors.  Tltis 
section  discuss,  as  the  overall  equipment  design.  Table  2 
shows  the  process  used  to  a.ssemblc  a  connector. 

Processes  (5),  (6),  (7),  and  (8)  have  been  automated  to 
eliminate  human  error,  decrease  repetition,  and  match  the 
machine  operation  with  human  operation.  With  automa¬ 
tion,  a.ssembly  time  is  only  one  third  of  what  it  was.  To 
evaluate  the  basic  equipment  requirements,  a  diagram  of 
the  timing  of  the  connector  assembly  processes  is  shown  in 
Fig.  15.  It  shows  that  w'hen  the  process  times  for  "a"  and 
"b"  are  the  same  as  in  the  pre.scnt  process,  the  connector 
assembly  lime  can  be  decreased  to  27.9%  of  that  of  the 
present  process.  Table  4  shows  the  requirements  to  mini¬ 
mize  the  connector  assembly  time.  To  synchronize  the 
machine  with  the  human,  and  to  deaeasc  the  connector 
assembly  time,  the  best  conditions  are  c=a->'b  and 
d+e=a+2b. 


Table  2 

Present  Connector  A.sse.mbuno  Process. 


Process 

Ratio  [<61 

Repetition 

(1)  Set  Connector  Body 

3.8 

1 

(2)  Pick  up  Subunit 

5.1 

1 

(3)  Set  Subunit 

3.8 

1 

(4)  Process  PE  Tape 

5.1 

1 

(S)  Pick  up  Quad 

5.1 

1 

(6)  Untwist 

17.7 

5 

(7)  ."tiTongf  Condurlors 

49.3 

10 

(8)  Drltrmint  Color 

Included  in  (7) 

20 

(9)  Set  Connector  Cwer 

3.8 

1 

(10)  Press  Connector 

IJ 

1 

(11)  Cut  Useless  Conductors 

ZS 

1 

(12)  Pick  up  Assembled  Connector 

ZS 

1 

782  International  Wire  &  Cable  Symposium  Proceedings  1992 


_ . 

1 

Set  conoector  body, 

Set  connector  cover 

Set  itiuilU 

Frees  connector. 

Cut  useless  condueton. 
Fidt «  connector 

5  L 

!  !  1 

• _ . _ ‘  ' 

f 

1 

:  f 

!  i  i 

i  '  i 

Fldf  (9  quid. 
Uitrist* 

Fich  (|t  eonductor. 
jlmme  conductors 

■  1  ■ 

khchiae 

fkieritioQ 

\  I 

d 

*  f 

a  Human  operation  time  for  processes  (2),  (3),  (4),  (10),  (11),  and 
(12). 

b  Human  operation  time  for  processes  (1)  and  (9). 
c  Machine  operation  time  for  picking  up  five  quads, 
d  Time  between  when  the  equipment  starts  picking  up  a  quad  and 
when  it  starts  rt'^nging  conductors, 
e  Machine  operation  time  for  arranging  twenty  conductors, 
f  Time  behvecn  when  the  equipment  finishes  arranging  conductors 
and  when  the  human  starts  pressing  a  connector. 

Fig.lS:  Connector  Assembly  Processes. 


Table  3 

timing  Reouirements. 

Process 

Requirements 

“c":  machine  operation  lime 
for  picking  up  fivx  quads 

c^a+b (=T) 

"d*;  time  between  when  the  equipment 
starts  picking  up  a  quad  and  when  it 
starts  arranging  conductors 

d  +  e  s  a  +  2b 

*e’:  machine  operation  lime  for  arranging 

20  condueton 

B.  Design  and  Composition  of  the  Equipment 

This  section  discusses  in  detail  the  optimal  design  of  the 
equipment.  The  conductor  arrangement  process  is  repeated 
the  most,  so  it  requires  the  most  time  and  determines  the 
connector  assembly  time.  In  addition,  the  motion  of  the 
equipment  has  to  be  synchronized  with  the  conductor 
arrangement  motion,  because  the  quad  screw  and  the 
conductor  saew  arc  key  parts  of  the  whole  process.  For 
example,  while  a  conductor  is  being  arranged,  the  conduc¬ 
tor  SCTcw  must  be  stopped.  And  when  the  arrangement  is 
completed,  the  conductor  screw  must  start  revolving  again. 
With  these  requirements  in  mind,  the  connector  assembly 
diagram  was  designed  as  shown  in  Fig.  16.  The  process 


specifications  are  as  follows: 

1)  The  quad  pick-up  process  takes  about  two  seconds. 

2)  The  quad  is  untwisted  in  revolutions  of  the  quad 
saew. 

3)  The  conductor  screw  picks  up  a  conductor  in  one 
revolution. 

4)  Tlie  distance  between  the  color  sensor  position  and 
the  conductor  pick-up  position  equals  one  pitch  of 
the  conductor  screw. 

5)  The  distance  between  the  conductor  arrangement 
and  removal  position  is  less  than  one  pitch  of  the 
conductor  screw. 

6)  The  arrangement  process  takes  1.5  seconds  per 
conductor. 

Using  the  results  of  these  experiments  and  consider¬ 
ations,  we  manufactured  a  prototype  as  shown  in  Fig.  17. 
In  future,  we  will  present  the  characteristics  of  this  equip- 
w  ment. 

5.  CONCXUSIONS 

In  this  paper,  the  following  conclusions  concerning  the 
design  of  automated  equipment  to  assemble  connectors 
were  reported. 
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Fig.  17:  Prototype  of  Automated  Equipment  to  Assemble  Connectors. 


1)  Aulomaled  equipment  to  assemble  connectors  for 
telecommunication  cables  was  proposed. 

2)  Through  experiments  using  test  versions,  the  basic 
requirements  were  determined  and  evaluated,  and 
the  control  method  for  lines  was  confirmed. 

3)  Based  on  the  experimental  results,  estimations,  and 
human  interface,  automated  equipment  to  assemble 
connectors  was  designed  and  a  prototype  was  manu¬ 
factured. 

4)  The  use  of  this  equipment  is  expected  to  reduce 
assembly  time  and  eliminate  humw  enor. 

It  is  easy  to  automate  the  "set  connector  body,"  "set 
connector  cover,"  and  "press  connector"  processes.  How¬ 
ever  our  equipment  does  not  automate  these  processes, 
because  they  are  simple  and  not  prone  to  human  error.  If 
the  time  of  anange  conductor  can  be  further  reduced,  the 
processes  can  be  automated  to  synchronize  the  machine 
operation  with  human  operation  and  thus  reduce  a.ssembly 
time.  After  evaluating  the  characteristics  of  the  prototype, 
a  version  for  practical  use  will  be  designed,  manufactured, 
and  field-tested. 
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Abstract 

The  performance  of  a  newly  developed 
advanced  low-reflection  Physical  Contact  (PC)  optical 
connector  and  a  method  for  evaluating  it  are 
presented.  The  advanced  PC  (APC)  optical  connector 
with  an  average  return  loss  of  46  dB  has  been 
realized  using  an  SC  connector  while  maintaining  a 
reliability  as  high  as  that  of  conventional  PC  optical 
connectors.  The  high  return  loss  and  reliability  of  the 
APC  has  been  achieved  by  removing  the  most  of 
damaged  layer  caused  by  the  polishing  process  and  by 
maintaining  a  slight  fiber  withdrawal  from  the  ferrule 
endface.  A  new  method  of  return  loss  evaluation  that 
ensures  the  realization  of  the  minimum  return  loss  of 
randomly  concatenated  connectors  is  proposed  for 
low-reflection  connectors.  Experimental  results  for 
the  new  method  indicate  that  over  99%  of  connec¬ 
tions  achieve  the  expected  minimum  return  loss. 

1.  Introduction 

Low-reflection  optical  connectors  will  be 
indispensable  for  future  analog  video  and  high-speed 
digital  transmission  systems.  The  return  loss  of 
conventional  Physical  Contact  (PC)  connectors  is, 
however,  limited  to  about  30  dB.  A  finite  reflection 
remains  at  the  point  of  physical  contact  because  a 
thin  damaged  layer  is  produced  by  the  fiber  endface 
polishing  process.  The  difference  between  the 
refractive  index  of  this  layer  and  that  of  the  fiber 
core  produces  a  slight  optical  reflection.  To  eliminate 
this  reflection,  the  damaged  layer  must  be  removed. 
In  addition,  the  amount  of  fiber  withdrawal  from  the 
ferrule  endface  must  be  limited!  1]  in  order  to 
maintain  high  reliability  under  a  variety  of  environ¬ 
mental  conditions. 

Recently,  we  have  developed  an  Advanced 
Physical  Contact  (APC)  optical  connector  that 
considerably  improves  the  reflection  characteristics 
while  maintaining  the  same  reliability  as  that  of  the 
existing  PC  optical  connectorsl21. 

This  paper  clarifies  the  relationship  between  the 
damaged  layer  and  the  return  loss  with  the  APC  and 
compares  it  with  a  conventional  PC.  The  dependence 
of  the  optical  characteristics  under  various  conditions 
with  respect  to  fiber  withdrawal  is  elucidated.  We 
also  propose  a  new  method  of  return  loss  evaluation 
that  ensures  the  realization  of  the  minimum  return 


loss  for  randomly  concatenated  low-reflection 
connectors. 

2.  Advanced  Physical  Contact 

2.1  Features  of  APC  Optical  Connectors 

The  domed  ferrule  endfaces  of  conventional  PC 
connectors  are  produced  by  polishing  the  fiber  with 
a  diamond  polishing  agent.  This  polishing  process 
results  in  a  damaged  layer  at  the  fiber  endface.  In 
silica  fiber,  the  refractive  index  of  the  damaged  layer 
is  slightly  higher  than  that  of  the  original  fiber  core. 
Therefore  this  high  refractive  index  layer  generates 
optical  reflection  at  the  connection  interface.  It  is 
necessary  to  remove  this  damaged  layer  to  eliminate 
optical  reflection  at  the  connection  interface. 


dc 


(a)  Reflection  from  single  damaged  layer 


Fiber  (Core) :  no 


Fiber  (Core) :  no 


Damaged  Layer :  net 


dtz  Damaged  Layer ;  ntz 

t 

Mating  Point 


(b)  Reflection  from  mating  point 


Fig.l  Model  of  refection  from  damaged  layer 

On  the  other  hand,  the  combination  of  domed 
ferrule  endfaces  and  axial  compressive  force  can 
allow  physical  contact  without  generating  Fresnel 


International  Wire  &  Cable  Symposium  Proceedings  1992  785 


reflection,  because  the  ferrule  endfaces  are  deformed 
elastically  by  the  force,  even  if  there  is  slight  fiber 
withdrawal  at  the  ferrule  endface.  To  maintain  stable 
PC  connections  under  various  environmental  condi¬ 
tions,  it  is  necessary  to  limit  initial  fiber  withdrawal 
to  less  than  0.05  pm[21. 

APC  technology  has  satisfied  the  above  two 
requirements  through  the  use  of  additional  fine  grain 
SiOj  polishing[3]  after  the  conventional  PC  polishing 
process.  APC  polishing  can  remove  the  damaged  layer 
without  excessive  fiber  withdrawal.  We  estimated  the 
refractive  index  and  thickness  of  the  damaged  layer 
,  on  the  assumption  that  it  is  a  homogeneous  single 
layer  at  the  APC  fiber  endface.  When  we  take  the 
plane-wave  multiple  reflection  at  the  damaged  layer 
into  consideration,  the  optical  reflection  from  the 
fiber  endface,  which  is  coated  with  refractive  index 
matching  liquid,  is  given  by 


ngA+n^^B-^C+n^D 


(1) 


with 


A  =  D  =  cosS,  B  =(iln^)  sinS, 


C  =  (iWj)  sinfi,  6  =  (2) 

where  «<,,  n,,  and  are  the  refractive  indexes  of 
the  fiber  core,  index  matching  liquid  and  damaged 
layer  and  the  thickness  of  the  damaged  layer, 
respectively.  A  model  of  the  reflection  from  the 
interface  between  the  damaged  layer  and  the  index 
matching  liquid  is  shown  in  Fig.  1(a).  The  refractive 
index  and  the  thickness  of  the  damaged  layer,  which 
are  calculated  from  the  measured  optical  reflection  for 
various  n,  values,  are  shown  in  Table  1.  The 
refractive  index  of  the  APC  surface  is  1.460  as 
compared  to  a  value  of  1.540  for  the  PC  surface. 
Because  the  refractive  index  of  the  APC  is  very  close 
to  that  of  the  silica  fiber  core(=  1.452),  the  reflection 
of  the  APC  is  essentially  lower  than  that  of  a 
conventional  PC. 

Table  1  Refractive  index  and  thickness 


of  damaged  layer 


Connector 

Retractive 

Index  ( ^  =1.3^ni) 

Thickness  (pm) 

APC 

1.46 

0.07 

Conventional  PC 

1.54 

0.05 

the  PC  optical  connector.  Figure  2  shows  the  return 
loss  dependence  on  temperature  for  the  APC 
connector  and  other  low-reflection  PC  connectors  with 
relatively  large  fiber  withdrawals.  With  the  exception 
of  the  APC  ferrule,  the  ferrules  were  polished  with 
cerium  oxide  to  increase  the  amount  of  fiber 
withdrawal.  This  experimental  result  indicates  that  if 
the  fiber  withdrawal  is  not  sufficiently  small,  physical 
contact  is  not  achieved  at  high  temperatures  due  to 
the  difference  between  the  thermal  expansion 
coefficients  of  the  fiber  and  the  ferrule.  Only  APC 
technology  can  provide  stable  optical  characteristics 
and  long  term  reliability. 


Fig.2  Temperature  dependence  of  return  loss  for 

APC  and  other  low-reflection  PC  connectors 
with  relatively  large  fiber  withdrawals 

2.2  Characteristics  of  APC  Optical  Connectors 

An  SC  connector  was  used  in  our  experiments 
to  evaluate  the  APC  technology.  Figure  3  shows  the 
setup  for  the  return  loss  measurement  of  an  APC  or 
conventional  PC  connector  with  the  Optical  Continu¬ 
ous  Wave  Reflectometry  (OCWR)  method.  This  setup 
consists  of  a  2x2  fusion  fiber  coupler,  an  optical 
power  meter  and  an  1.3  pm  optical  light  source.  Ports 
1  and  2  of  the  fiber  coupler,  whose  internal  reflection 
is  less  than  -60  dB,  are  terminated  with  oblique 
ferrule  end  connectors.  One  end  of  the  sample  optical 
cable  is  terminated  with  an  objective  connector  (APC 
or  conventional  PC)  and  the  other  end  is  terminated 
with  an  oblique  ferrule  end  connector.  The  angle  of 
these  oblique  ferrule  ends  is  about  8°.  These 
connectors  were  used  to  reduce  the  optical  reflection 
at  all  mating  points  except  at  the  objective  connector. 
The  return  loss  of  the  objective  connectors  (mating 
point)  L,  [dB]  is  given  by  the  following  equation. 

P, 

L,=  -101og-^  ^  14.7  (3) 


As  the  polishing  rate  for  a  zirconia  ferrule  and 
a  silica  fiber  are  almost  identical,  the  amount  of  fiber 
withdrawal  from  the  ferrule  endface  can  be  adjusted 
to  less  than  ±0.05  pm,  which  is  the  same  as  that  for 


The  value  of  14.7  in  Eq.(3)  is  the  Fresnel  reflection 
between  the  air  (refractive  index  of  1.0)  and  the 
silica  fiber  core  (refractive  index  of  1.452).  Return 
loss  histograms  for  APC  and  PC  connectors  are 
shown  for  comparison  in  Fig.  4.  The  histogram 
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represents  the  random  concatenation  of  each  ubjective 
connector  measured  by  the  above  mentioned  method. 
The  average  APC  connector  return  loss  is  46  dB,  an 
improvement  of  more  than  15  dB  over  that  of 
conventional  PC  connectors. 

Objective 

Fusion  Plug  1 


Mating  Point 


- D  :  APC  or  Conventional  PC  Connector 

- Q  ;  Oblique  Ferrule  End  Connector 


Fig. 3  Return  loss  measurement  setup  for  APC 
and  conventional  PC  connectors 


26  28  30  32  34  36  38  40  42  44  46  48  50  52  54  56  58 


Return  Loss(dB) 

Fig.4  Histogram  of  return  loss  for  APC 
and  conventional  PC  connectors 

The  return  loss  distribution  with  APC  is 
somewhat  broad.  This  is  because  the  refractive  index 
of  the  damaged  layer  is  close  to  that  of  the  silica 
fiber.  The  relationship  between  the  return  loss  and  the 
damaged  layer  with  PC  and  APC,  are  shown  in  Fig. 
5.  The  plots  represent  the  measurement  data  in  Table 
1,  and  the  solid  lines  are  calculated  by  using  the 
above  mentioned  multiple  reflection  theory.  A  slight 
deviation  in  the  refractive  index  of  the  APC  damaged 
layer  affects  the  return  loss  distribution  much  more 
than  with  conventional  PC. 

Test  results  on  the  mechanical  and  environ¬ 
mental  characteristics  of  APC  optical  connectors  are 
presented  in  Table  2.  The  evaluation  was  made  by 
return  loss  measurement  which  can  detect  changes  in 
characteristics  with  high  sensitivity.  The  mechanical 
characteristics  were  satisfactory  in  terms  of  durability 
(mating/demating),  vibration,  and  impact.  No  degrada¬ 
tion  in  characteristics  was  observed  in  a  variety  of 
environmental  tests  including  temperature  cycling, 
high/low  temperature  endurance,  and  tempera¬ 


ture/humidity  cycling.  It  was  concluded  that  the  APC 
optical  connectors  had  sufficient  reliability  in  practical 
use. 


Refractive  Index  of  Damaged  Layer 

Fig. 5  Relationship  between  return  loss 

and  damaged  layer  for  PC  and  APC 


Table  2  APC  connector  test  results 


I  Items 

Conditions 

Results 

Optical 

Character¬ 

istics 

Return 

loss 

X  =1.3)im  LD 

Ave.  46.1dB 

S.D.  2.7dB 

Insertion 

loss 

.1  :1.3^nn  LD 

Ave.  0.06dB 

S.D.  0.07dB 

Durability 

500  limes,  measured 
every  10  times 

Mechanical 

Tests 

Vibration 

to  to  55Hz, 

Amp.  1.5mm.  2  hours 

Impact 

100G.  6ms  duration. 
lOlimes,  3  directions 

No  degradation 

Temperature 

cycling 

•25  to  70t.4h/cycle. 
100  cycles 

Environmental 

Tests 

High  temp, 
endurance 

85+2*0 , 960  hours 

Low  temp, 
endurance 

-25 +2C,  960  hours 

Temp,  and  hu¬ 
midity  cycling 

-10  to 65t,93%R.H., 
20  cycles 

3.  Evaluation  Method  for  Low-Reflection  Optical 
Fiber  Connectors 

When  optical  connectors  are  in  practical  use,  it 
is  necessary  to  ensure  that  the  minimum  return  loss 
of  connector  mating  point  has  been  realized.  For  this 
purpose,  a  new  evaluation  method  for  low-reflection 
connectors  is  investigated  and  proposed. 

3.1  Theoretical  Background 

The  return  loss  distribution  is  estimated  with  a 
Monte  Carlo  simulation.  A  theoretical  model  of  the 
reflection  from  the  connector  mating  point  is  shown 
in  Fig.  1(b).  Optical  reflection  occurs  from  damaged 
layers.  The  return  loss  of  a  connector  mating  point  is 
estimated  by  using  the  refractive  index  and  the 
thickness  of  the  damaged  layers  and  these  values  vary 
for  each  connector  due  to  the  polishing  process.  It  is 
assumed  that  the  refractive  index  and  the  thickness  of 
a  damaged  layer  is  represented  by  a  Gaussian 
distribution.  Probability  densities  of  the  refractive 
index  f(nj  and  the  thickness  f(dj  are  given  by  the 
following  equations. 
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(4) 


AnC) 


sj^n 


«P  [-- 


2a 


M)  =  “p  [-_ L(rf,  -d  )2],  (5) 

2o^ 


where, and  are  average  values  of  the  damaged 
layer  refractive  index  and  thickness,  a,  and  are 
the  standard  deviations  of  the  damaged  layer  refrac¬ 
tive  index  and  thickness,  respectively.  f(nj  and  /(dj 
are  not  correlated.  Measured  values  of  «^,  d^,  a„  and 
Oj  are  shown  in  Table  3.  The  reflection  from  a 
connector  mating  point  is  calculated  with  the 
following  equation. 
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with 


£=sin8  ,sin82^=cos8  iCOsS  j. 


G=cos8  jsm82,fl'=siiifi  iCOs8  j. 


6j=27tn£^y</^^/A,82”2Tin^2<fj2/X,  (7) 


where  «£,,  and  d[_,  are  the  refractive  index  of  the 
damaged  layer  and  the  thickness  of  one  connector, 
and  di_2  are  corresponding  values  for  the  other 
connector,  respectively.  A  set  of  and 
corresponds  to  a  combination  of  randomly  selected 
connectors.  As  it  is  assumed  that  these  values  have 
Gaussian  distributions  as  expressed  by  Eq.(4)  and  (S), 
each  set  of  and  is  determined  from  normal 
random  numbers.  The  normal  random  numbers  can  be 
generated  by  the  Box-Muller  method.  Therefore,  the 
return  loss  distribution  is  obtained  for  generated 
values  of  ni„  n^,  and  d^j  calculated  with  Eq.(6). 

The  measured  and  calculated  return  loss  distri¬ 
butions  are  compared  in  Fig. 6.  The  calculation  was 
carried  out  using  the  values  in  Table  3.  The  measured 
and  calculated  distributions  agree  well.  From  this 
result,  it  is  concluded  that  the  return  loss  distribution 
of  low-reflection  connectors  can  be  estimated  and 
predicted  by  means  of  the  Monte  Carlo  simulation  for 
random  connection. 


Fig. 6  Distribution  of  return  loss  for  randomly 
concatenated  connectors 


Table  3  Statistical  characteristics  of  APC 


damaged  layer 


Items 

Average 

S.  D. 

Refractive 

Index  ( 2  s1.3^m) 

1.460 

0.0038 

Thickness  (^m) 

0.069 

0.0125 

3.2  New  Evaluation  Method  for 

Low-Reflection  Optical  Connectors 
As  the  return  loss  characteristics  of  the  master 
connector  are  unknown  in  the  conventional  evaluation 
method,  it  is  difficult  to  measure  a  specific  return 
loss.  Measured  return  loss  values  vary  because  of  the 
differences  in  the  damaged  layers  of  the  master 
connectors[4].  Therefore,  it  is  necessary  to  determine 
the  return  loss  characteristics  of  the  master  connector. 
We  propose  a  new  evaluation  method  for  return  loss 
measurement  which  uses  a  defined  master  connector 
to  ensure  that  the  designed  minimum  return  loss  is 
realized  for  random  connection.  This  new  method  also 
ensures  the  realization  of  the  designed  minimum 
return  loss  of  one  mating  point  of  the  objective  patch 
cord  with  connectors  on  either  side.  Furthermore,  new 
method  is  applicable  to  a  measurement  setup  in  which 
be  spatial  reflection  can  not  be  resolved.  The  setup 
for  return  loss  evaluation  is  shown  in  Fig. 7.  This 
method  employs  OCWR  with  a  2x2  fusion  fiber 
coupler  and  reflection-standard  connectors  that  is  to 
say  the  above  mentioned  master  connectors.  The 
procedure  is  as  follows  when  the  designed  minimum 
return  loss  is  [dB],  namely  specification 

(a)  The  objective  patch  cord  is  connected  between 
the  preselected  reflection-standard  connectors  A 
and  B. 

(b)  The  return  loss  L,  [dB]  from  the  two  mating 
points  of  the  objective  cord  and  the  reflection- 
standard  connectors  is  measured. 

(c)  When  L,  is  greater  than  the  objective  patch 
cord  is  passed  as  a  screened  cord. 

As  shown  in  Fig.  7,  standard  connectors  are  selected 
on  condition  that  their  return  loss  from  the  mating 
point  is  L„  +  a  [dB].  In  brief,  objective  cord  (con 
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Fusion 


n-D- 


Objective  Patch  Cord 
Cl  /  C2 

;0a — - DO- 


Reflection-standard  Refiection-standard 

Connector  A  Connector  B 

^ - DO - Q 

trs+d- 


- D  :  APC  or  Conventional  PC  Connector 

- Q  :  Oblique  Ferrule  End  Connector 


Fig. 7  Setup  for  return  loss  evaluation 


Fig.8  Simulated  cumulative  probability  for 

return  loss  with  respect  to  parameter  a 


nectors)  are  screened  out  by  using  of  reflection 
standard  connectors.  Parameter  a  is  determined  based 
on  a  statistical  simulation,  which  takes  into  consider¬ 
ation  the  above  mentioned  damaged  layer  distribution. 
Simulated  return  loss  results  for  different  a  values 
are  shown  in  Fig.  8.  The  solid  lines  represent  the 
cumulative  probability  of  return  loss,  when  the 
screened  cords  which  are  selected  from  objective 
cords,  are  randomly  concatenated  using  the  parameters 
a=2,  S  and  8.  Calculations  are  also  carried  out  using 
the  values  in  Table  3.  The  designed  minimum  return 
loss  L„  is  45  dB  in  this  case.  From  the  result  in 
Fig.8,  it  is  demonstrated  that  over  99%  of  connectors 
achieve  the  designed  minimum  return  loss,  provided 
that  parameter  a  is  less  than  5  dB. 

3.3  Experimental  Result 

The  simulated  result  of  the  evaluation  method 
was  verified  experimentally.  In  the  experiment,  the 
designed  minimum  return  loss  L„  was  45  dB  and 
parameter  a  was  2  dB.  After  evaluation  the  objective 
patch  cords  were  cut  at  their  center.  The  experimental 
return  loss  of  randomly  concatenated  connectors  was 
obtained  from  these  cut  cords  (i.e.  C,  and  C2 
combination  in  Fig.  7).  The  experimental  results  are 
shown  in  Fig.9.  30%  of  the  original  objective  cord 
combinations  were  unsuitable.  On  the  other  hand,  all 
the  cords  screened  by  the  new  method  satisfied  the 


Fig.9  Experimental  cumulative  probability  for 
return  loss 


designed  minimum  return  loss  of  45  dB.  Therefore, 
the  proposed  evaluation  method  is  very  effective  for 
ensuring  that  the  minimum  return  loss  of  randomly 
concatenated  connectors  is  realized. 

4.  Conclusion 

An  advanced  PC  optical  connector  with  an 
average  return  loss  of  46  dB  has  been  realized  which 
maintains  a  reliability  as  high  as  that  of  conventional 
PC  optical  connectors.  The  high  return  loss  and 
reliability  of  the  APC  connector  have  been  achieved 
by  removing  most  of  the  damaged  layer  and  by 
maintaining  a  slight  fiber  withdrawal  from  the  ferrule 
endface  with  a  fine  grain  SiOj  polishing  process.  It 
has  also  been  confirmed  that  the  return  loss  value 
and  distribution  of  the  APC  connector  is  significantly 
affected  by  the  remaining  damaged  layer,  because  the 
refractive  index  of  the  layer  is  very  close  to  that  of 
the  silica  fiber  core. 

A  new  method  of  return  loss  evaluation  that 
ensures  the  realization  of  the  minimum  return  loss  of 
randomly  concatenated  connectors  is  proposed  for 
low-reflection  connectors.  This  method  employs  a 
fusion  fiber  coupler  and  reflection-standard  connectors. 
These  standard  connectors  are  selected  based  on  a 
statistical  simulation,  which  takes  into  consideration 
variations  in  the  thin  damaged  layer  on  the  fiber 
endface.  Experimental  results  for  the  new  method 
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designed  to  ensure  the  minimum  return  loss  of  over 
99%  of  connections,  indicate  that  all  the  connections 
achieve  the  expected  minimum  return  loss.  Therefore, 
the  proposed  evaluation  method  is  very  effective  for 
ensuring  that  the  minimum  return  loss  of  randomly 
concatenated  connectors  is  realized. 
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ABSTRACT 

The  ultimate  goal  of  this  work  is  to  correlate  the  performance  of 
ceramic  ferrule  optical  fiber  connectors  to  measurable  physical 
characteristics  of  the  fiber  endfaces.  These  characteristics  include 
the  geometry  of  the  fiber/ferrule  endface  and  the  quality  of  the 
polished  fiber  surface.  Connector  performance  is  not  solely  a 
function  of  an  individual  plug,  however,  but  is  determined  by 
the  interaction  of  two  mated  plugs,  i.e.,  mateability.  We 
therefore  began  our  investigation  by  performing  statistical 
analyses  of  loss  and  reflectance  performance  on  different  groups 
of  connectors.  We  present  details  of  our  results  showing  that 
significant  differences  can  exist  between  both  homogeneous  and 
heterogeneous  groups.  Once  significantly  different  groups  were 
identified,  we  used  a  variety  of  techniques  to  characterize  the 
fiber/ferrule  endfaces,  including  atomic  force  microscopy, 
scanning  electron  microscopy,  and  interferometry. 


1.  INTRODUCTION 

As  fiber  deployment  escalates  into  the  loop  portion  of  the 
telephone  network,  so  too  will  the  deployment  of  optical  fiber 
connectors.  Reliable  performance  of  these  connectors  will 
become  increasingly  critical.  A  basic  understanding  of  the 
relationship  between  quantifiable  surface  properties  and 
connector  performance  is  thus  desirable.  Knowledge  of  critical 
properties  and  the  subsequent  ability  to  control  them  will  result 
not  only  in  more  reliable  performance,  but  will  also  help  to 
ensure  intermateability  of  connectors  from  different  vendors. 

We  began  our  study  by  using  a  modified  concatenation  test 
method'  to  measure  the  performance  (loss  and  reflectance)  of 
eight  different  groups  of  ceramic  ferrule-type  connectors.  Our 
goal  was  to  first  characterize  the  performance  of  homogeneous 
vendor  groups  and  then  to  intermate  plugs  from  different 
groups,  in  order  to  find  significant  performance  differences 
between  homogeneous  and  heterogeneous  groups.  This  work 
will  be  describe  in  Section  2. 

Once  groups  with  significantly  different  performance  were 
identified,  we  procee^d  to  characterize  the  properties  of  the 
ferrule  endfaces  in  an  attempt  to  correlate  performance  to  some 
measurable  physical  quantities.  ITie  characterization  techniques 
we  used  and  the  results  of  these  measurements  are  described  in 
Section  3.  Conclusions  are  given  in  Section  4. 


2.  MATEABILITY  MEASUREMENTS 
2.1  Experimental  Setup 

Figure  1  shows  a  detailed  block  diagram  of  the  experimental 
setup.  A  dual- wavelength  source  provides  both  1300  and  1550 
nm  outputs  for  the  loss  and  reflectance  measurements.  The 
wavelength  is  selected  by  means  of  an  optical  switch.  For 
transmission-loss  measurements,  the  source  output  travels 
through  the  coupler  and  SW  4,  and  through  the  connection  on 
test  to  detector  head  B  of  an  optical  power  meter.  For  reflectance 
measurements,  the  reflected  light  from  the  test  connecdon  travels 
back  through  the  coupler  through  SW  2,  which  is  connected  to 
detector  he^  A  of  the  power  meter. 


Figure  1  -  Block  diagram  of  experimental  setup. 
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Figure  2  shows  generalized  block  diagrams  describing  the 
ratified  concatenation  test.  The  testing  system  uses  a  source, 
S,  coupler,  and  two  detectors,  Dj  and  D2.  As  detailed  in  Fig.  1, 

the  source  S  is  connected  to  one  arm  of  the  coupler,  which  is  in 
turn  connected  to  the  connector  cable  assemblies  on  test.  One 
detector,  Dj,  acts  as  a  photon  bucket,  capturing  essentially  all 

the  light  output  through  the  connector  cable  assemblies.  Detector 
D2  is  connected  to  the  second  input  arm  of  the  coupler,  and  is 
used  to  detect  the  reflected  light  from  the  connector  under  test. 
All  of  the  instruments  in  the  testing  system  are  controlled  by  an 
HP  computer  via  a  GPIB  interface. 

At  the  START-OF-TEST  condition,  one  connector  jumper 
assembly  is  cut  in  half  and  fusion  spliced  to  the  output  of  the 
coupler.  A  complete  jumper  assembly,  1,  is  connected  between 
the  spliced  connector  and  Dj.  The  transmitted  power  is 

measured  at  Dj.  This  is  used  as  a  reference  value. 

A  second  jumper  assembly,  2,  is  then  connected  between 
jumper  1  and  Dj.  The  connector  under  test  is  the  mating  of 
jumpers  1  and  2.  The  loss  at  this  connection  is  simply  given  by 
the  ifference 

between  the  measured  loss  and  the  reference  value.  Thus, 
system  losses  are  subtracted  out.  Similarly,  the  system 
reflectance  is  found  by  putting  a  40  dB  mandrel  wrap  in  jumper 
2  and  measuring  power  at  Dj.  This  reflected  power  includes 

system  reflectances  plus  that  of  the  connector  under  test.  Then 
the  mandrel  wrap  is  relaxed  and  moved  to  jumper  1  so  that  the 
reflected  power  measured  by  Dj  includes  the  system  reflectances 
only.  The  net  reflectance  at  the  connector  under  test  is  simply 
given  by  the  difference  between  the  two  measured  values. 


Unce'  Teti  (C.U.^  ) 


Figure  2  -  Generalized  block  diagrams  of  modified 
concatenation  test. 


For  these  experiments,  we  used  three  complete  jumper 
assemblies  (marked  as  jumpers  1, 2, 3,  sides  W(hite)  and  R(^)) 
to  make  a  total  of  12  possible  connections  for  each 
homogeneous  group.  For  heterogeneous  groups,  we  used 
jumper  1  (W  and  R)  from  one  vendor  and  jumper  assemblies  1, 
2,  and  3  (W  and  R),  from  a  second  vendor  to  again  make  up  12 
possible  connections.  Each  connector  was  cleaned  carefully  with 
a  lint-free  wipe,  first  soaked  in  alcohol,  then  dried,  followed  by 
blowing  with  an  air  gun.  This  was  done  before  every 
reconnection.  If  loss  or  reflectance  was  unusually  high,  the 
connectors  were  cleaned  carefully  and  the  measurement  was 
retaken. 

2.2  Results 

Boxplots  for  eight  different  homogeneous  groups  are  shown  in 
Fig.  3  (a)  and  (b)  for  the  loss  and  reflectance  at  13(X)  nm, 
respectively.  The  horizontal  lines  around  each  box  denote  the 
25th  and  75th  percentiles.  The  filled  circles  denote  the  median 
values,  and  the  dashed  whiskers  from  each  box  extend  upward 
(downward)  as  far  as  1.5  times  the  interquartile  range  or  to  the 
maximum  (minimum)  value,  whichever  is  less  (more).  Any 
values  beyond  the  whiskers  are  denoted  by  open  circles. 

The  eight  groups  correspond  to  eight  different  lots  from  four 
different  vendors.  Group  F  includes  only  eight,  rather  than 
twelve  data  points,  because  several  connections  did  not  make 


abcde  fgh 


ABCDEFGH 


Figure  3  -  Boxplots  of  Loss  and  Reflectance  fw  groups  A 
through  H  at  1300  nm. 
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physical  contact  due  to  large  eccentricities  of  the  polished 
enlace  surface.  This  resulted  in  extremely  high  reflectances  and 
these  data  points  were  therefore  neglected  as  anomalous. 

Intermated,  heterogeneous  groups  AB,  AC,  and  BC,  as  well  as 
DE,  DF,  EF,  and  DG  were  also  characterized.  Figure  4  shows 
sample  boxplots  comparing  groups  (A,  AB,  B),  (A,  AC,  C), 
and  (B,  BC,  C)  at  1300  nm  for  both  loss  and  reflectance.  Note 
that  there  is  much  overlap  of  all  the  groups  in  loss  performance, 
but  little  overlap  in  reflectance  between  (A,  AC,  C)  and  (B,  BC, 
C). 

To  determine  if  the  differences  in  performance  between  different 
groups  were  stadsdcally  significant,  we  calculated  group  means 
and  standard  deviadons,  and  did  an  analysis  of  variance  for  each 
set  of  three  groups.  This  analysis  yields  the  probability  that 
populadons  with  no  differences  in  mean  performance  will  have 
group  means  with  differences  as  large  as  those  which  we 
observed.  If  this  probability,  or  p-value,  is  less  than  5%,  we 
conclude  that  the  difference  between  the  group  means  is 
stadsdcally  significant.  For  group  means  that  were  significantly 
different,  a  subsequent  test,  Fisher's  least-significant-difference 
test,  was  performed  to  determine  which  pairs  of  group  means 
were  significandy  different. 


(a) 


(b) 


Table  1  presents  group  means  and  standard  deviations  for  loss 
and  reflectance  at  1300  nm  for  all  the  groups.  Solid  lines  drawn 
between  groups  indicate  that  the  performance  differences 
between  those  groups  are  significant.  For  example,  groups  (A, 
AC,  C),  had  no  significant  differences  between  any  of  the 
groups  for  loss  performance.  However,  there  were  significant 
reflectance  differences  between  both  of  the  homogeneous  groups 
and  the  intermated  group,  and  the  performance  of  the  intermated 
group  fell  between  that  of  its  parents. 


Table  1  -  Group  means  and  standard  deviadons  for  loss  and 
reflectance  at  1300  nm  for  cell  groups,  solid  lines  connecting 
groups  indicate  that  the  performance  differences  between  those 
groups  are  significant 
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Figure  4  -  Boxplot  comparisons  of  loss  and  reflectance  for 
homogeneous  and  heterogeneous  groups  at  1300  nm.  (a) 
Boxplot  comparing  the  two  homogeneous  groups,  A  and  B, 
with  the  heterogeneous  group,  AB.  (b)  compares  groups  (A, 
AC,  C)  and  (c)  compares  (B,  BC,  C). 


2.3  Summary 

Homogeneous  groups  A,  B,  and  C  and  their  intermated 
heterogeneous  groups  AB,  AC,  and  CB,  showed  no  significant 
differences  in  loss  performance.  The  reflectance  of  group  C, 
however,  was  significantly  higher  than  that  of  A  and  B.  The 
intermated  groups,  AC  and  BC,  had  significantly  different 
reflectances  from  any  of  the  parent  groups,  and  their  reflectances 
fell  between  the  extremes  of  the  parent  groups. 


794  International  Wire  &  Cable  Symposium  Proceedings  1992 


Homogeneous  groups  D,  E,  and  F  and  their  intermated 
heterogeneous  groups  DE,  DF,  and  EF,  had  significantly 
different  loss  performance  between  groups  D  and  F,  and  DF  and 
F,  as  well  as  between  D  and  DE.  Group  F  had  a  significantly 
higher  loss  than  D,  and  the  intermated  group,  DF,  had  a  loss 
significantly  better  than  F,  but  not  significantly  worse  than  its 
other  parent,  D.  Similarly,  group  DE,  although  significantly 
higher  in  loss  than  D,  was  not  significantly  different  from  its 
other  parent,  E.  In  the  case  of  reflectance  performance,  group  D 
was  significantly  higher  than  E  and  DE,  but  DE  was  not 
significantly  different  from  E.  Similar  results  were  obtained  for 
groups  F,  E,  and  EF.  Group  DF  had  unusual  behavior  not  seen 
with  any  other  group.  This  group  was  significantly  better  than 
either  of  its  parents.  The  cause  is  not  yet  understood. 

Finally,  there  were  significant  differences  in  loss  performance 
between  homogeneous  groups  D  and  G,  but  the  heterogeneous 
group  DG  was  not  significantly  different  from  either  of  its 
parents.  In  the  case  of  reflectance  performance,  there  were 
significant  differences  between  D,  G,  and  DG.  The  mean 
reflectance  of  group  DG  fell  between  that  of  its  parents. 

Therefore,  in  all  cases,  whether  or  not  there  were  any  significant 
differences  between  homogeneous  groups,  the  intermated 
groups  were  never  worse  than  the  worst  performing  parents.  In 
one  case,  the  heterogeneous  group  was  actually  better  than  its 
parents.  This  result  is  not  yet  understood.  Although  data  was 
taken  for  both  1300  and  1550  nm,  the  results  were  essentially 
the  same  at  the  two  wavelengths.  Thus,  only  results  at  1300  nm 
were  shown  here. 


3.  ENDFACE  CHARACTERIZATION 

3.1  Experimental  Techniques 

3.1.1  Environmental  Scanning  Electron  Microscopy 
The  use  of  a  conventional  scanning  electron  microscope  is 
limited  when  the  samples  are  wet,  oily,  or  electrically  insulating, 
such  as  glass  or  ceramic  surfaces.  Conductive  surfaces  at  high 
vacuum  are  required  for  good  imaging.  With  an  environmental 
electron  microscope  (ESEM),  however,  the  electron  gun  still 
requires  high  vacuum  (10'*  torr),  but  the  specimen  chamber  can 
be  observed  at  25  torr  or  higher.  High  chamber  pressure  is  a  key 
element  in  the  charge-neutralization  of  insulating  surfaces  and 
electron-detection  processes,  so  that  conductive  coatings  are  no 
longer  necessary.  A  gas  such  as  water  vapor,  oxygen,  argon,  or 
metiiane  is  introduced  to  the  chamber  to  maintain  a  selected 
pressure.  Secondary  electrons  and  ions  are  detected  by  a 
gaseous  detector  device  using  ionization  of  the  ambient  gas 
molecules. 

In  order  to  gain  sufficient  signal,  we  found  it  necessary  to  use 
higher  water-vapor  pressure  to  image  the  core  of  a  fiber,  which 
has  different  chemical  composition  than  the  surrounding  fiber 
cladding  or  the  ceramic  ferrule.  In  addition  to  imaging  with 
second^  and  backscattered  electrons,  ESEM  is  also  equipped 
with  an  energy  dispersive  x-ray  analyzer  for  elemental  analysis. 
We  operated  the  ESEM  at  20  kV  and  pressures  of  about  5  torr. 

3.1.2  Atomic  Force  Microscopy 

A  commercial  atomic  force  microscope  (AFM)  was  also  used  to 
study  the  surface  morphology  of  the  connectors.  The  AFM,  like 
the  ESEM,  does  not  require  the  sample  to  be  a  conductor.  It 
measures  the  topography  of  a  sample  with  sub-nanometer 
resolution  regardless  of  the  size  of  the  sample.  The  AFM  can  be 
used  directly  on  large  samples.  The  AFM  can  be  thought  of  as 
an  ultra  sensitive  profilometer  which  operates  with  an  extremely 
low  applied  force.  A  cylindrical  piezoelectric  tube  scans  a  very 


sharp  probe,  which  is  mounted  on  a  flexible  cantilever  over  the 
sample  surface.  A  compact  interferometric  detection  system 
mounted  on  the  end  of  the  piezo  tube  senses  the  deflection  of  the 
cantilever  as  features  in  the  sample  are  encountered.  In  the  most 
common  operating  mode,  the  control  system  varies  the  voltage 
applied  to  the  piezo  to  keep  the  cantilever  deflection  nearly 
constant  as  the  probe  is  scanned  over  the  sample  surface  in  a 
raster  pattern.  The  variation  in  the  voltage  applied  to  the  piezo 
translates  directly  into  the  variation  in  height  across  the  sample^. 

The  constant-force  mode  was  used  for  this  study,  and  the 
samples  were  imaged  in  air.  No  special  sample  preparations 
were  required.  We  used  xyz  translators  with  two  different  scan 
widths;  150  and  20  (im.  Using  different  translators  allowed  us 
to  image  with  tremendous  resolution  (0.3  nm  laterally  and  0.1 
nm  vertically),  depending  upon  the  sample.  Scanning 
frequencies  were  in  the  range  of  5  to  100  Hz  with  the  higher 
frequencies  for  smaller  scan  widths.  To  ensure  representative 
results,  several  samples  from  each  group  were  used.  Each 
sample  was  also  examined  with  at  least  two  different  AFM  tips, 
minimizing  the  possibility  of  misinterpreting  tip-induced  artifacts 
in  the  images. 

3.1.3  Interferometric  Measurement.s 
Interferometric  measurements  were  made  using  a  unit 
specifically  adapted  to  measure  ferrule-endface  parameters, 
including  radius  of  curvature  of  the  ferrule  as  well  as  eccentricity 
of  the  polished  endface,  and  fiber  protrusion/undcrcut  with 
respect  to  the  ferrule.  In  this  implementation,  the  ferrule  endface 
contacts  a  thin  glass  flat  illuminated  with  an  LED.  Interference 
fringes  are  formed  with  a  half-wavelength  spacing, 
corresponding  to  a  height  variation  across  the  ferruL  endface  of 
0.315  pm. 

Eccentricity  and  radius  of  curvature  of  the  polished  ferrule 
endfaces  were  measured  from  pictures  of  the  ferrule  endfaces  as 
shown  in  Fig.  5(a).  The  polishing  eccentricity  was  defined  as 
the  distance  between  the  center  of  the  fringe  "bullseye"  pattern, 
where  the  connector  contacted  the  optical  flat,  and  the  center  of 
the  fiber  in  the  ferrule.  Connectors  were  always  inserted  in  the 
same  orientation  and  the  relative  direction  of  the  eccentricity  was 
noted. 

Radius  of  curvature  was  calculated  from  the  fringe  spacing  of 
the  first  five  rings  emanating  from  the  center  of  the  "bullseye" 
(an  area  of  approximately  4ClO-pm  diameter).  The  fringe  spacing 
was  measured  at  90  degree  intervals,  and  the  curvatures 
calculated  using  a  least-squares  fit. 

Fiber  extension  with  respect  to  the  ferrule  can  also  be  measured 
by  tilting  the  optical  flat  so  that  at  least  two  fringes  fall  across  the 
fiber  and  ferrule  as  shown  in  Fig.  5(b).  If  the  fiber  endface  is 
perfectly  spherical,  and  matches  that  of  the  ferrule,  the  fringe 
pattern  will  still  be  perfectly  circular.  Thus,  fiber  protrusion  or 
undercut  from  a  spherical  surface  is  obtained  by  measuring 
variations  in  the  fringe  radius  between  the  edge  of  the  ferrule  and 
the  center  of  the  fiber.  This  technique  gives  results  reproducible 
to  0.05  lim. 

3.1.4  Indcx-Matohing  Fluids 

A  potential  cause  of  reflectance  between  two  physically 
contacting  connector  plugs  is  the  modification  of  the  glass 
surface  layer’  *  *.  This  is  a  polishing-induced  effect,  resulting  in 
a  higher  refractive  index  of  the  glass  over  a  distance  a  few  tens 
of  nanometers  deep  across  the  polished  surface.  In  order  to 
determine  if  such  an  effect  was  present  in  the  connectors  we 
tested,  we  immersed  the  end  of  a  connector  plug  in  a  number  of 
different  index-matching  gels,  ranging  from  n  =  1.418  to  1.500 
and  measured  the  reflectance.  If  there  was  an  increase  in 
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refractive  index  at  the  fiber  endface  due  to  compaction,  there 
should  always  be  some  residual  reflectance  regardless  of  the 
value  of  the  refractive  index  of  the  matching  fluid''. 


(b) 


Figure  5  (a)  •  Fringe  pattern  formed  when  a  connector 
endface  contacts  an  optical  flat  in  the  interferometer.  Center  of 
the  fringe  "bullseye"  is  the  endface  contact  point  to  the  flat, 
(b)  shows  fringes  falling  across  the  fiber  surface  to  measure 
protrusion/undercut. 


3.2  Results 
3.2.1  ESEM 

ESEM  images  in  Fig.  6(a),  (b),  and  (c)  show  the  physical 
topography  of  connectors  from  groups  A,  B,  and  C, 
respectively.  Group  C  showed  consistently  more  and  deeper 
polishing  scratches  than  A  or  B.  Note  that  group  C  also  had 
higher  reflectance  than  either  A  or  B.  Elemental  analysis  of  the 
surfaces  showed  no  particulate  matter  indicative  of  polishing 
residue. 


m-rsz 

(c) 


Figure  6  -  ESEM  images  of  connectors  from  groups  (a)  A,  (b) 
B,  and  (c)  C. 
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3.2.2  AFM 

A  series  of  AFM  images  of  connector  ends  are  shown  in  Fig.  7 
which  shows  a  150  nm  square  area  across  the  endface  of  three 
different  connectors.  Units  are  in  nanometers.  Note  that  the 
vertical  scale  is  one-hundred  times  as  sensitive  as  the  horizontal 
scale.  The  surface  of  the  fiber  in  the  center  of  the  image  in  Fig. 
7(a)  (group  A)  can  be  characterized  as  almost  scratch  free  and 
flush  with  the  ferrule.  In  contrast,  the  surface  of  a  connector 
from  group  E  (Fig.  7(b))  shows  a  number  of  scratches  0.01  - 
0.1  pm  deep  and  0.05  -  0.3  pm  across.  Most  of  this  roughness 
can  be  attributed  to  the  polishing  technique.  Figure  7(c)  shows 
an  image  of  a  connector  from  group  B.  Note  the  crevice  on  the 
left  side  of  the  fiber,  where  the  soft  epoxy  has  been  eroded 
away.  The  epoxy  is  below  the  surface  of  the  fiber  and  the 
surface  of  the  ferrule.  A  number  of  pits,  as  well  as  some  dirt, 
can  be  observed  on  the  fiber  surface. 


(0 

Figure  7  -  AFM  images  of  connector  endfaces  from  groups  (a) 
A,  (b)  B,  and  (c)  E. 


3.2.3  Interferometer 

The  gap  between  the  fiber  cores  of  any  pair  of  connector  plugs 
without  spring  loading  (zero  insertion  force)  could  be  estimated 
from  values  of  radius  of  curvature  and  location  and  size  of  the 
eccentricity  of  each  of  the  connector  plugs.  Results  of  such 
calculations  for  groups  F  (filled  circles)  and  EF  (open  circles) 
are  shown  in  Fig.  8,  where  reflectance  for  mated  connector  pairs 
is  plotted  as  a  function  of  the  total  estimated  gap  between  the 
fiber  cores  assuming  zero  insertion  force.  This  figure  clearly 
indicates  that  for  gaps  greater  than  approximately  0.5  pm,  the 
fibers  will  not  achieve  physical  contact,  resulting  in  high 
reflectances.  This  implies  that  ferrule  deformation  in  mated, 
spring  loaded  connectors  must  be  approximately  0.5  pm.  Such 
tehavior  is  highly  dependent  on  the  particular  plug  combination, 
since  two  plugs  with  large  eccentricities  can  compensate  each 
other  if  their  eccentricities  are  in  opposite  directions. 

This  plot  does  not  take  into  account  the  relative  fiber 
protrusion/undercut  with  respect  to  the  spherical  surface  of  the 
ferrule.  On  the  basis  of  our  interferometric  measurements,  the 
connectors  from  all  groups  were  typically  slightly  undercut, 
usually  less  than  0.1  pm.  Only  groups  G  and  H  showed 
protrusions,  by  as  much  as  0.1  pm. 

Figure  8  includes  data  from  the  total  groups.  Performance  data 
presented  in  Section  2  does  not  include  interconnects  with 
reflectances  greater  than  -25  dB,  which  were  clearly  the  result  of 
non-physical  contact 

Radii  of  curvature  of  different  groups  of  connector  ferrules 
ranged  from  approximately  10  to  30  mm,  with  deviations  from  a 
perfect  sphere  ranging  from  0  to  3  mm. 


Figure  8  -  Measured  reflectance  for  all  combinations  of  mated 
connector  pairs,  plotted  as  a  function  of  the  estimated  gap 
between  the  two  fiber  cores  (assuming  zero  insertion  force). 
Filled  circles  are  group  F  values,  and  open  circles  are  group  EF 
values. 
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3.2.4  Index-Matching  Fluid 

An  example  of  results  from  these  measurements  are  shown  in 
Fig.  9.  Reflectances  from  two  different  connector  plugs  are 
plotted  as  a  function  of  the  refractive  index  of  the  matching  fluid 
applied  to  the  end  of  the  connector  plug.  Results  are  plotted  for 
1300  nm  wavelength.  The  open  symbols  denote  results  from  a 
connector  plug  from  group  A,  which  had  a  very  small 
reflectance,  and  the  filled  symbols  from  a  connector  plug  from 
group  D,  which  had  much  higher  reflectance.  The  solid  line 
shows  ideal  reflectance  for  a  perfectly  perpendicular  fiber 
endface,  assuming  a  refractive  index  of  1.464  in  the  hulk  glass. 
Although  there  are  small  differences  in  the  reflectances  between 
the  two  groups  as  plotted  in  Fig.  9,  these  differences  are  not 
large  enough  to  explain  the  large  ^fference  in  performance 
between  the  two  groups  of  mated  pairs.  We  also  measured 
connector  plugs  from  groups  B  and  C,  and  saw  no  evidence  of  a 
higher-index  surface  layer. 


Figure  9  -  Reflectances  for  two  different,  open-ended 
connector  plugs,  immersed  in  fluids  of  varying  refractive  index. 
The  open  circles  are  for  a  plug  from  group  A,  and  the  filled 
circles  are  for  a  plug  from  group  D.  The  solid  line  is  an  ideal  plot 
of  reflectance. 


AFM  and  ESEM  measurements  of  the  fiber  surfaces  showed 
clear  differences  between  connectors  from  different  groups. 
Sources  of  poor  surface  quality,  such  as  scratches,  pitting,  dirt, 
etc.  could  be  identified  by  these  techniques. 

No  conclusive  evidence  of  a  high-index  due  to  polishing  was 
found  on  any  connector  we  measured.  This  was  to  be  expected, 
since  all  physically  contacting  connectors  had  quite  low 
reflectances*. 


4.  CONCLUSIONS 

The  loss  and  reflectance  perfomiance  of  eight  different  vendor 
groups  was  characterized  on  a  statistical  basis.  Significant 
differences  in  performance  were  found.  Intermated  groups  were 
also  characterized.  The  performance  of  the  intermated  groups 
typically  fell  between  that  of  its  parents  and  in  no  case  was 
significantly  worse  than  the  worst  parent 

Connectors  from  these  same  groups  were  il'.en  characterized 
using  various  techniques,  including  AFM,  ESEM,  and 
interferometry.  Eccentricity  of  the  polished  ferrule  endface, 
measured  with  an  interferometer,  was  found  to  correlate  to 
connector  performance  in  those  cases  where  the  eccentricity  was 
so  large  as  to  result  in  non-physical  contact.  Other  techniques 
show  promise  of  yielding  information  on  very  small  scale 
surface  features  which  may  lead  to  a  more  detailed 
understanding  of  connector  reflectance  performance. 
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3.3  Summary 

Connectors  from  various  groups  have  been  characterized  using  a 
variety  of  techniques.  Evidence  of  non-physically  contacting 
connections  were  found,  which  could  be  correlated  to 
eccentricity  of  the  polished  ferrule.  This  was  based  on  an 
interferometric  measurement.  Interferometry  was  also  used  to 
measure  radii  of  curvature  of  the  connector  endfaces,  as  well  as 
protrusion/undercut  of  the  fiber  with  respect  to  the  ferrule. 
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Push-on  Pull-off  Multi-Fiber 
Connector 

Y.  Nomura  Y.  Kikuchi  H.  Hirao 
Fujikura  Ltd.  Opto-Electronics  Lab 
Chiba,  Japan 


Abstract 

We  have  successfully  developed  a  push-on  pull-off 
typo  connector  for  multi-fiber  ribbons  which  can  connect 
optical  fiber  cables  quickly  and  reliably  with  a  low 
insertion  loss.  This  connector  can  easily  and  quickly 
connect  one  to  eight  fiber  ribbon  in  a  single  motion.This 
connector  is  capable  of  easy  and  stable  connection  due 
to  itshousingstructure  which  featuresan  unique  locking 
mechanism. 

The  physical  contact  between  connectors  is  secured 
by  projecting  fibers  from  the  end  face  of  a  ferrule  by  1  (im 
thereby  attaininglowinsertionlossesand  high  reliability. 
The  average  insertion  loss  was  0.5  dB  for  single  mode 
fibers  which  is  low  for  multi  fiber  connectors.  The 
connoctoralso  achieved  return  losses  of  as  lowas-50dB 
through  a  custom  diagonal  polishing  process. 

We  also  developed  a  novel  polishing  method 
exclusively  forthisconnectorand  succeeded  in  achieving 
a  flatness  of  1  pm  or  less  and  a  polishing  angle  accuracy 
of  ±0.1°  or  less. 

We  have  conducted  various  performance  tests  and 
reliability  tests  on  this  connector  and  verified  its 
consistency.  The  tests  confirmed  that  the  connector  can 
be  successfully  used  in  the  field. 


1.  Introduction 

Optical  fiber  networks  are  expanding  globally  due  to 
their  superior  performance  and  large  information 
carrying  capacity.  The  number  of  fibers  in  a  single  cable 
has  been  continuously  increasing  in  response  to  the 
demand  of  subscribers  for  various  services.  This  has  led 
to  the  use  of  multi  fiber  ribbons  which  offer  greater 
efficiency  in  connection. 

Consequently,  the  time  and  skill  required  for 
connection  jobs  has  increased  tremendously' .  In  order 
to  simplify  this  task,  various  connectors  have  been 
developed  and  have  been  reported^  on  previously.  As 
part  of  these  efforts,  we  have  developed  this  novel  push- 


on/  pull-off  connector  which  can  connect  multi-fiber 
ribbons  quickly  and  reliably  and  does  not  require  any 
special  operator  skills  or  experience. 

This  connector  has  the  following  features  which 
contribute  to  its  superior  performance  : 

1.  Applicable  to  multi  fiber  ribbons 

It  can  easily  connect  multi  fiber  ribbons 
consisting  of  from  one  to  eight  fibers. 

2.  Low  return  loss 

Reflection  is  significantly  reduced  by  polishing 
the  end  face  of  the  ferrule  diagonally.  A  return 
loss  of  -50  dB  was  obtained. 

3.  High  stability 

By  projecting  fibers  from  the  ferrule  end  face  by 
1  pm  through  the  improved  polishing  method, 
the  connector  i  s  able  to  achieve  stable  connection 
characteristics.  The  fluctuation  in  the  insertion 
loss  is  ±0.3  dB  or  less. 

4.  High  precision  end  face 

The  polishing  method  for  the  ferrule  end  face 
was  improved  to  achieve  a  flatness  of  1  pm  or 
less  and  a  polishing  angle  precision  of  ±0.1°. 

5.  Reliable  locking  mechanism 

The  locking  mechanism  are  pawls  which  can  be 
locked  under  a  predetermined  pressure.  During 
connection,  a  constant  pressure  is  maintained 
on  the  ferrule  end  faces  to  reduce  effects  of 
variations  in  environmental  conditions  such  as 
temperature  and  vibration . 

6.  Improved  performance 

The  connector  can  connect  multi  fiber  ribbons  in 
a  dry  condition  without  the  necessity  of  using 
index  matching  material  for  reducing  reflection. 
The  connector  assembly  operation  is  also  made 
easier  as  compared  to  conventional  connectors. 
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2.  Structure 

2.1  Connection  Principle 

As  shown  in  Fig.  1 ,  the  connection  principle  lies  in  the 
structure  obtained  by  polishing  a  multi-fiber  ferrule  end 
face  diagonally  so  as  to  make  the  fiber  tips  protrude  out. 
The  fibers  can  therefore  be  connected  directly  resulting 
in  a  low  return  loss. 

The  effects  of  Fresnel  reflection  can  be  eliminated  by 
polishing  the  end  face  at  an  angle  of  8°.  Since  the  fiber 
tips  protrude  from  the  ferrule  end  face,  any  fluctuation 
inthe  return  loss  which  may  be  caused  by  reced  ing  of  the 
fibers  can  be  minimized. 

The  connector  can  be  connected  in  a  d  ry  state  without 
the  use  of  index  matching  material.  This  contributes  to 
easy  installation  and  subsequent  reconnection. 

Fibers  are  positioned  by  means  of  alignment  holes 
and  pins  provided  on  the  ferrules.  At  present,  this 
method  is  being  widely  used  for  positioning  multi-fiber 
connectors  precisely  and  accurately. 
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*  . . . 
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Fiber  ribbort 


Fiber 


Multi  -liber  ferrule 


Fig.  1  Principle  of  Connection 


2.2  Housing  Structure 

The  housing  is  designed  to  to  apply  pressure  on  the 
ferrule  from  behind  by  means  of  a  coil  spring.  It  however 
allows  the  ferrule  a  certain  degree  of  movement  during 
insertion  and  extraction.  Thisstructure enables  theferrule 
end  faces  to  be  connected  securely  with  a  low  insertion 
loss.  As  the  end  faces  are  constantly  kept  under  a  certain 
pressure  by  the  spring,  the  connector  is  stable  against 


environmental  changes  (especially  changes  in  the 
temperature). 

Ferrules  are  positioned  by  means  of  alignment  holes 
and  pins  on  the  ferrules.  An  alignment  pin  is  fixed  on 
one  of  the  housings  via  a  pin  clamp.  The  pin  clamp  is  of 
a  ring  spring  type  with  a  slit  which  allows  the  pins  to  be 
easily  fitted  or  pulled  out  upon  application  of  a 
predetermined  pressure. 

The  housing  is  structured  such  that  the  locking  pawls 
arc  force  fitted  with  the  pawls  of  an  adaptor  when  the 
housing  is  inserted  in  to  an  ou  ter  case.  Connectors  can  be 
efficiently  engaged  with  one  another  without  errors 
because  their  pa  wls  are  fi  t  together  with  a  predetermined 
outer  pressure  unlike  the  conventional  method  where 
pawls  are  locked  merely  with  their  elasticity.  When 
disconnecting,  connectors  can  easily  and  automatically 
be  detached  by  the  pressure  of  the  spring  by  simply 
pulling  the  outer  case. 

Fig.  2  shows  an  assembled  connector  with  its  adaptor. 


2.3  Ferrule  end  face 

As  ferrule  end  faces  are  abutted  against  each  other, 
they  must  have  a  high  degree  of  flatness  and  angular 
precision.  In  order  to  minimize  fluctuation  in  insertion 
loss  caused  by  attachment/detachment  as  well  as 
environmental  factors,  the  fibers  should  be  abutted  too. 
It  is  known  that  the  insertion  loss  increases  due  to 
Fresnel  reflection  as  the  adhesive  applied  between 
ferrules  contracts  at  high  temperatures  leading  to  fibers 
being  pulled  back  to  widen  the  interstice  between  the 
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end  faces  of  a  ferrule. 

To  eliminate  this,  we  developed  a  novel  polishing 
technique  to  make  the  fibers  project  from  the  ferrule  end 
face  by  1  pm.  A  new  high  precision  polishing  machine 
was  developed  and  is  capable  oT  achieving  an  end  face 
flatness  of  1  pm  with  an  angular  precision  of  0.1°.  A 
typical  value  of  the  end  face  angle  accuracy  is  given  in 
Table  1. 


Item 

Precision 

Diagonal 

polishing 

0.07° 

Table  1  Angular  Precision 


3.  Optical  Characteristics 

The  optical  characteristics  of  the  connector  were 
verified.  The  results  are  shown  below. 


3.1  Insertion  Loss 

The  insertion  loss  was  measured  when  the  connector 
was  connected  to  a  master  connector.  As  is  illustrated  in 
the  histogram  shown  in  Fig.  4 ,  the  insertion  loss  averaged 
05  dB  for  an  eight  fiber  ribbon  connector. 

Fig.  5  shows  the  results  of  the  repeatability 
measurement  test.  The  insertion  loss  was  measured 
after  repeatedly  attaching  and  detaching  a  connector 
five  times. 


Based  on  these  tests,  we  have  verified  that  the 
connector  has  stable  connection  characteristics  and  has 
a  low  insertion  loss  for  a  multi-fiber  connector. 
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Fig.  4  Insertion  Loss 
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Fig.  5  Insertion  Loss  Repeatability 
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3.2  Return  Loss 

The  return  loss  was  measured  with  the  connector 
mated  with  a  master  connector.  The  histogram  of  the 
results  of  the  test  is  given  in  Fig.  6.  The  return  loss  was 
as  low  as  -50  dB  or  less  for  the’ case  of  a  8-fiber  ribbon 
connector. 


Loss  (dB) 

Fig.  6  Return  Loss 


4.  Reliability 

In  order  to  ascertain  the  field  worthiness  of  the 
connector,  various  reliability  tests  including  those  for 
mechanical  characteristics  and  resistance  to 
environmental  factors  were  conducted.  The  results  of 
these  tests  are  elaborated  below. 

4.1  Heat  Cycle  characteristics 

The  insertion  loss  fluctuation  of  the  connector  was 
measured  by  repeating  a  4  hour  cycle  of  -20°C  to  70°C 
ten  times.  This  cycle  is  shown  in  Fig.  7.  The  results  of  the 
measurement  is  shown  in  Fig.  8.  The  loss  fluctuation  was 
within  ±0.1  dB. 
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Fig.  7  Heat  Cycle 
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Fig.  6  Heat  Cycle  Test  Results 


4.2  High  Temperature  Characteristics 

The  insertion  loss  fluctuation  was  measured  at  a 
high  temperature  in  a  constant  temperature  test 
apparatus  in  the  laboratory  where  the  connector  was 
connected  via  an  adaptor.  The  test  was  conducted 
continuously  for  100  hours  at  70“C.  The  results  of  are 
shown  in  Fig.  9.  The  loss  fluctuation  was  within  ±0.1  dB. 
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Fig.  9  High  Temperature  Fluctuation 


4.3  Low  Temperature  characteristics 

The  above  test  was  repeated  fora  temperature  of 
-20  °C.  'The  results  of  the  test  can  be  found  in  Fig.  10. 
Once  again  the  loss  fluctuation  was  within  ±0.1  dB. 


Fig.  10  Low  Temperature  Fluctuation 
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4.4  Vibration  Test 

To  evaluate  the  mechanical  stability  of  the  connector, 
a  vibration  test  was  conducted  under  the  conditions 
listed  below.  The  insertion  loss  of  the  connector  which 
was  connected  via  an  adaptor  was  measured 
continuously. 

Frequency  :  10  -  55  Hz 
Amplitude  :  1 .5  mm 
Direction  ;  All  axes 

Duration  :  2  hours  per  axis 

Fig.  12  showsthat  the  fluctuation  was  within  a  small 
range  of  0.05  dB. 


5.  Conclusions 

This  push-on /pull-off  connector  has  demonstrated 
through  various  tests  a  high  reliability  and  characteristics 
which  suitable  for  use  in  challenging  field  environments. 
This  connector  is  expected  to  be  implemented  widely  in 
optical  fiber  networks  in  the  future. 
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ABSTRACT 

A  8X2000  mechanical  matrix  switch  composed 
of  250  8-Slnglemode  fiber  connectors  was 
developed.  A  master  head  with  one  8-ftber 
connector  moves  along  three  orthogonal 
axes  by  DC  servo  motors  and  optical 
encoders  under  16-blt  CPU  control  and 
Joins  250  access  connectors  which  are 
arranged  10  x  25  matrix.  By  employing 
compliant  master  head  mechanism,  an 
extensible  optical  matrix  switch  with  high 
performance  was  realized.  The  average 
connection  loss  of  0.35dB  and  the 
repeatability  less  than  Q.ldB  were 
obtained  through  10000  time  repeated 
connections . 

1.  INTRODUCTION 

In  subscriber  networks.  It  Is  very 
Important  to  economically  and  effectively 
perform  optical  measurement,  where  a 
hlgh-count  cable  Is  used.  Such  a  hlgh- 
count  cable  will  be  a  ribbon-fiber  based 
one  and  a  multiple  connector  will  be  used. 
To  reduce  the  size  of  the  switch  and  the 
number  of  connecting  point,  directly 
switching  multiple  connector  Is  a 
promising  choice.  It  will  be  one  of  the 
major  requirement  that  after  the  Initial 
Installation,  a  newly  laid  cable 
connectors  can  be  added  to  the  matrix 
switch  on  the  site  In  response  to  the 
demand.  Therefore  the  demands  for  the 
flexible  and  extensible  optical  matrix 
switching  system  with  high  performance 
will  Increase  very  much. 


2. SYSTEM  CONFIGURATION 

For  the  purpose  of  choosing  one  optical 
fiber  among  high-count  cable,  combining 
IxN  type  switch  and  NxM  type  switch  is  a 
practical  solution . (Fig. 1 ) 


Optical 


Fig. 1  Typical  configuration 
of  Flexible  switching  system 
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Fig. 2  The  structure  of  the  matrix  switch 


3. DESIGN  OF  THE  MATRIX  SWITCH 

3,1  Structure  of  matrix  switch 
Fig.  2  shows  the  structure  of  the  matrix 
switch.  The  dimension  of  this  switch  is 
680  (vvj  X  295  (L)  X  ITOiHj  It 

composed  of  251  8-SM  fiber  connectors.  One 
master  connector  is  placed  on  the  master 
head  and  the  other  250  access  connectors 
are  fixed  on  5  separate  connector  units 
opposite  to  the  master  connector. 

The  master  connector  moves  along  three 
orthogonal  axes  by  DC  servo  motors  and 
ball  screws  and  Joins  against  one  of  the 
access  connectors  by  the  command  from  the 
workstation.  It  takes  about  10  seconds  to 
change  from  the  left  end  access  connector 
to  the  right  end  access  connector.  The 
positioning  accuracy  Is  within  Z  u  m  along 
each  axes. 

The  master  connector  fibers  and  access 
connector  fibers  are  protected  by  PVC 
jacketing. 


Fig.  3  The  structure  of  8  SM-flber 
connector 
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3.2  Floating  arm 

This  switch  uses  a  transfer  molded  square 
shaped  connector  Into  which  the  eight 
single-mode  fibers  with  10  a  m  core  and 
125  a  m  cladding  diameter  are  positioned. 
This  connector  has  two  holes  beside  the 
fiber  holes  and  connects  together  by  the 
aid  of  guide  pins,  as  shown  Fig. 3  .The 
size  of  the  hole  is  0.7mm  and  the  diameter 
of  the  guide  pin  is  0.7mm. The  end  of  the 
pin  is  sharp.lt  is  physically  possible  to 
insert  the  guide  pin  into  the  hole  when 
their  axes  offset  is  as  large  as  0.3mm, 
however  the  connector  loss  is  very  high. 
Therefore  two  mating  connectors  should  be 
aligned  within  lOura  accuracy. 

In  order  to  realize  an  optical  matrix 
switch  with  high  performance,  there  were 
two  problems.  One  is  to  prevent  the 
connectors  from  the  external  force. The 
force  may  raise  the  connecting  loss  or 
shorten  the  lifetime  of  the  connectors. 
The  other  is  the  precise  initial 
positioning  of  the  master  connector  for 
Jointing  the  master  to  one  of  the  access 
connectors  situated  on  some  100mm  square 
plane . 


External  force 


8-SM  fiber  connector 


Guide  Pin  of  the 

1  Connector! 

Master  Connector 

Fig. 4  The  example  of  the 
finite  element  method 


To  solve  both  problems,  the  highly 
compliant  floating  arm  has  been  developed 
after  FEM  analysis  .(Fig. 4) 

Fig. 5  shows  the  relations  of  the  external 
force  and  change  of  the  connecting  loss 
and  the  comparison  between  calculation 
and  the  experiment  is  made. Both  results 
are  slightly  different  .however  it  was 
expected  that  external  force  less  than 
25gram  would  not  cause  a  significant  loss 
Increase . 

(  dB  ) 


Fig. 5  Results  of  the  external 
force  and  loss  change 


support  beam  coil  spring 


Fig. 6  The  structure  of 
the  floating  arm 
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Fig. 6  and  Fig. 7  show  the  structure  .and 
the  mechanism  of  the  floating  arm.  The 
axial  and  angular  offset  of  position  are 
allowed  by  the  bend  of  the  supporting  beam 
or  the  small  rotation  of  the  head. 

The  initial  position  of  the  master 
connector  is  kept  precisely  at  the  center 
by  the  stiffness  of  the  beam  and  the 
combination  between  the  rear  pin  and  the 
hole . 


Fig. 8  indicates  connecting  loss  dependence 
on  the  offset  in  case  of  8-fiber 
connector.  The  result  shows  that  the  arm 
has  wide-ranged  compliance  against  axial 
and  angular  offset. 


Fig. 7  The  mechanism  of  the  floating  arm 


1)  Initial  position 

2)  The  guide  pins  of  the  master 
connector  are  Inserted  in  the 

holes  of  the  access  connectors 

The  axial  offset  Is  mainly 
allowed  by  the  bend  of  the 
support  beam.  The  angular  offset 
Is  mainly  allowed  by  the  small 
rotation  of  the  beam. 

3) The  master  connector  and  the 
access  connecter  are  joined. 

The  coll  spring  give  the  suitable 
force  to  the  master  connectors 
to  attain  stable  connection. 


-300  -200  -100  0  »100  +200  +300  -0,6  -0.4  -0.2  0  +0.2  +0.4  +0  6 

(  center  )  (  center  ) 

Offset  of  position  (  urn  )  Offset  of  angle  t  degree  ) 


Fig. 6  Loss  dependence  on  axial  and  angular  offset 
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3.3  Connector  unit 

This  switch  has  5  ports  on  one  side.  At 
the  maximum  5  access  connector  units  each 
of  which  Is  composed  of  a  plate  and  50 
multi-fiber  connectors  can  be  attachecd  to 
the  ports.  These  connectors  are  arrayed  as 
5x10  matrix.  This  unit  Is  roughly 
positioned  In  the  switch  In  accordance 
with  the  combination  between  the  pin  and 
the  groove  as  shown  Fig. 9.  The  number  of 
connector  unit  Is  chosen  on  the  customer’s 
request . 


Fig. 9  The  structure  of 
the  connector  unit 

4.  PERFORMANCE 


2000  connecting  losses  of  one  optical 
matrix  switch  were  measured  using  1.31  u  m 
LED  as  a  light  source.  Histogram  of 
connecting  losses  of  250  MT-8  SM 
connectors (total  2000  fibers)  are  shown  In 
Fig  10.  The  average  loss  was  0.35dB  in 
case  of  8-SMflber  connectors.Fig.il  shows 
the  connecting  loss  change  of  one  fiber 
during  10000  times  repeated  connections. 
The  varlaton  was  less  than  O.ldB. 

The  return  losses  of  the  matrix  switch 
were  measured  at  1.3  //  m  and  were  found 
greater  than  35dB. 

Table  1  shows  the  results  of  the  movement 
of  the  same  connector  unit  to  each  port. 
No  slglmlf Iclant  dependence  on  the  port 
was  found.  Thereby  the  connector  unit  was 
proved  to  be  added  easily. 


(fibers) 


Fig. 11  Repeatability  test 


Table  1  The  connectlngloss  dependence  on 
the  port  No  of  the  matrix  switch 


Port  No. 

Average  loss 

1 

0.34  dB 

2 

0.32  dB 

3 

0.33  dB 

4 

0.34  dB 

5 

0.33  dB 
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Various  kinds  of  mechanical  and 
enviromental  tests  were  carried  out  and 
the  variations  in  connecting  loss  were 
measured.  The  vibrations  test  was  carried 
out  at  the  frequency  of  lOIIz  ~  40Hz  sweep 
and  the  amplitude  of  0.5mm  for  1  hour,  and 
the  fluctuation  in  connecting  loss  before 
and  after  the  test  was  within  O.ldB. 

Fig. 12  shows  the  results  of  heat  cycling 
test,  from  which  connecting  loss  change 
was  within  O.ldB  over  temperature  range 
of  O' C  to  40' C.  The  results  concerning 
other  test  items  are  summerlzed  in  Table 
2.  Results  of  these  testing  demonstrate 
that  newly  developed  matrix  switch  exlblts 
stable  connection  performance. 

0) 


Fig. la  Temperature  cycling  teat 


Table  2  PerforBance  of  the  aatrix  switch 


Testing  item 

Condition 

Result 

Average  loss 

l.SlumLED 

0.35dB 

Return  loss 

l.aiumLD 

More  than  35dB 

Repeatability 

10000  times 

Within  O.ldB 

Heat  cycling 

From  5"  C  to  40"  C 

lOOhrs 

Within  0.2dB 

Humidity 

40'  C  ,80%RH 

lOOhrs 

Within  O.ldB 

vibration 

10Hz-40Hz  sweep 

0.5mm  Ihr 

Within  O.ldB 

Tensile  strength 

SKg.  10  min 

for  fiber  cord 

Within  O.ldB 

5.  CONCLUSION 

8X2000  mechanical  matrix  switch  for  the 
use  in  optical  communication  networks  have 
been  developped.  They  are  composed  of  one 
8-flber  multiple  connector  and  250  access 
connectors.  By  the  aid  of  compliant  master 
head  mechanism  and  the  precise  positioning 
controller . the  matrix  switch  was  proved  to 
connect  one  of  250  connectors  quite 
easily . 

The  average  connection  loss  of  matrix 
switch  is  0.35dB.  A  series  of  mechanical 
and  environmental  tests  were  conducted  to 
prove  the  long-term  stability  and 
reliability  of  the  matrix  switch. 

The  matrix  switch  is  expected  to  be 
practically  used  in  optical  subscriber 
networks  and  to  play  a  role  in  reducing 
the  testing  time  of  the  optical  fiber 
cables  or  networks. 
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Abstract 

According  to  the  optical  fiber  telecom¬ 
munication  networks,  many  ew  optical 
components  are  required.  Particularly  the 
optical  switch  is  one  of  the  key  compo¬ 
nents  in  the  optical  fiber  networks.  We 
have  already  developed,  under  the  guidance 
of  NTT,  mechanically  transferable  connec¬ 
tor  (HT  connector)  that  is  a  high-perform¬ 
ance  plastic  connector  for  single  mode 
multi- fiber.  The  optical  switch  develop¬ 
ment  has  been  progressed  utilizing  this 
high  precision  plastic  molding  technology. 
As  the  result,  we  have  been  developing  a 
new  connector  transfer  type  optical  switch 
that  is  a  new  p  i  n- r e f e r e n ced  indirect 
slide  type  optical  switch. 

This  paper  presents  a  structure  of  a 
newly  developed  2x2  mechanical  switch  and 
its  initial  characteristics  and  the  re¬ 
sults  of  reliability  evaluation  tests  with 
1.55um  d i spe r s i on- sh  i  f t ed  fibers  (DSF). 


Currently,  although  various  kinds  of 
optical  switches  are  being  proposed, 
mechanical  ones  have  been  generally  using 
in  the  practical  use.  Among  them,  connec¬ 
tor  transfer  type  switches  have  become  a 
mainstream  of  optical  switches,  because 
they  do  not  require  expensive  optical 
devices  and  they  can  possess  low  loss 
characteristics. 


iransfer  Tv  dp  Oi 


Generally,  the  pin-referenced  direct 
slide  type  is  proposed  as  a  switching 
mechanism  of  connector  transfer  type 
optical  switch,  by  taking  advantage  of 
reference  pins.  Reference  pins  are  fixed 
in  the  connector  (switching  ferrule)  as 
switching  operation  and  these  pins  are 
pressed  against  che  side  of  positioning 
holes  that  are  formed  in  the  connector. 
Fig.l  shows  the  operating  principle  of 
pin-referenced  direct  slide  type  optical 
switch.  This  optical  switch  consists  of 
reference  pins  for  positioning  reference. 


With  the  ISDN  era  approaching,  the 
function  of  optical  fiber  communication 
systems  has  become  more  diversified.  And 
the  application  has  extended  to  locally 
specialized  networks  such  as  local  area 
networks  and  intelligent  buildings,  cen¬ 
tering  on  subscriber  networks.  In  such  a 
wide  application,  the  importance  of  opera¬ 
tion  systems  that  efficiently  conduct 
operations  and  maintenance  of  huge  net¬ 
works,  with  an  aim  of  better  service,  has 
been  pointed  out  by  many  fields.  The 
systems  aiming  at  supervising  and  switch¬ 
ing  of  optical  fiber  networks  have  already 
been  in  practical  use  and  their  running 
has  already  started.  Optical  switches 
would  be  required  to  change  active  lines 
into  spare  (inactive)  lines  at  the  time  of 
malfunction  of  devices  or  relocation  works 
of  lines.  They  are  vital  parts  for  the 
systems  and  are  required  the  following 
properties. 

( 1 )  Low  insert  ion  loss 

(2)  High-speed  switching 

(3)  Good  switching  repeatability 

(4)  Long-term  stability- 

lb)  Compact  size  and  low  cost 
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Fig. 5  Structure  of  2X2  pin-refernced 
indirect  slide  optical  switch 


4  ■  Initial  fharacterist  ics 
4  -  1  Insert  ion  Loss  Charac t  e  r  j  s  t Ic 

Fig.  6  shows  the  result  of  insertion 
loss  measurement  assembled  with  DSF.  Data 
are  maximum  values  of  insertion  loss  when 
the  switch  was  operated  repeatedly  20 
times.  Re  obtained  good  insertion  loss, 
with  0.27dB  in  average  and  standard  devia¬ 
tion  of  0.26dB. 


98 

0.27  dB 
1.25  dB 
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speed  switching  characteristic.  The 
switching  time  averaged  T.Oms  with  its 
maximum  value  of  8.3ms,  and  its  standard 
deviation  was  0.40ms. 


Fig. 7  Switching  wave  form  of  pin-referenced  indirect 
si ide  optical  switch 


5.  Result  of  Reliability  Evaluation 

The  reliability  evaluation  of  the 
switch  was  made  in  series.  It  is  a  very 
critical  condition.  The  number  of  test 
samples  is  8.  Table  1  shows  the  evaluated 
items,  lest  condition  and  evaluated  re¬ 
sults. 
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Fig. 8  Histogram  of  Switching  Time 


4-3  Value  of  Back  Ref  lection 

Fig.  9  shows  the  results  of  back  refec¬ 
tion  measurement.  Good  back  reflection 
characteristic  was  obtained,  with  the 
average  of  reflective  attenuation  of 
Sl.ldB  and  minimus  value  of  42dB. 


Tablel  Result  of  reliability  evaluation  test 


Evaluated 

Iteis 

Test  Condition 

Result 

Heat 

cycle 

-10~+60r 

lOcycie 

loss  variation 
£0.1dB 

Low 

temperature 

-lO'CXZhr 

loss  variation 
£0.1dB 

-lo-c 

100  times  switching 

switching  tine 
£10ms 

High 

teiparature 

eorxEhr 

loss  variation 
£0.1dB 

bot: 

100  times  switching 

switching  tine 
£10ms 

Humidity 

test 

BOr.SOXRH 

lOOhr 

loss  variation 
£0.1dB 

Vibration 

test 

10— 55~10Hz/2min 
p.p  1.5mm 

6dirX2hr 

loss  variation 
£0.ldB 

Impact 

test 

lOOG 

6dirX2hr 

loss  variation 

SO.IdB 

Repeated 

switching 

(bOOtimes) 

continuous  switching 
of  500  times 
repetition  at  R.Temp 

loss  variation  £0. IdB 

switching  time  SlOas 
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5-1  Switching  Repeatability 

Fig.  10  shows  a  variation  in  switching 
tine  under  various  surrounding  conditions. 
No  significant  change  was  observed  in 
switching  tine,  regardless  of  the  change 
of  the  surrounding  condition.  The  switch¬ 
ing  tine  was  less  than  10ns  under  every 
condition.  No  nalfunction  was  also  ob¬ 
served  after  switching  operation  of  more 
than  1  000  tines  in  total.  Anong  the 
results  of  switching  repeatability  test. 
Fig.  11  shows  the  result  of  switching 
repeatability  at  500  tines  repealed 
switching  test.  The  fluctuation  in  the 
switching  line  was  in  the  range  of  naxinun 
0.33ns,  which  shown  good  result. 


100  200  300  400  900  1000 

Cunulative  switching  tines 

Fig. 10  Change  in  switching  tine  under  various 
surrounding  condition 


<  switching  > 

AVC. 

:  7.4  ns 

Fluctated  range 

:  0.33  ns 

<  switch-back> 

AVG. 

7.9  ns 

Fluctated  range 

:  0. 16  ns 
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Switching  tines 

Fig. 11  Repeatability  of  switching  tine 

at  500  tines  repeated  switching  test 


5-2  Reoeatabi 1 i ty  aX  insertion  Lflss 


Fig.  12  shows  repeatability  of  the 
insertion  loss  at  500  tines  repeated 
switching  test.  The  variation  in  the 


insertion  loss  was  in  the  range  of  naxinun 
0.4dB,  showing  good  repeatability.  Fig. 
13  shows  the  variation  in  the  insertion 
loss  during  heat  cycle  test. 
Slight  dependency  can  be  observed  with 
tenperature  changes,  but  the  variation  was 
in  the  range  of  naxinun  O.OOdB,  a  good 
result  . 


Switching  tines 


Fig. 12  Repeatability  of  insertion  loss 

at  500  tines  repeated  switching  test 


Nunber  of  cycle 


Fig. 13  Repeatability  of  insertion  loss 
during  heat  cycle 


6.  Conclusion 

Application  of  both  the  high-precision 
plastics  nolding  technology  and  a  new 
concept  as  a  p i n - re f e re  need  indirect  slide 
type  nade  it  possible  to  develop  a  highly 
productive  optical  switch.  As  the  evalua¬ 
tion  results,  we  can  prove  that  this 
switch  has  a  good  insertion  loss  charac¬ 
teristic  and  high  speed  and  stable  switch¬ 
ing  characteristics.  It  was  also  confirned 
that  it  has  superior  characteristic  in 
terns  of  long-tern  reliability. 

With  network  syslens  growing,  optical 
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switches  «ust  leet  deiands  for  further 
higher  reliability,  nore  conpactness , 
weight  reduction  and  lower  costs  that  are 
expected  to  arise  fron  now. 

We  are  going  to  make  progress  in  the 
development  of  optical  switches  to  meet 
those  demands. 
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Abstract 

As  optical  fiber  cable  networks  expand 
maintenance  technologies  for  optical  lines 
assume  increasing  importance  in  the 
operation  of  the  network. 

A  system  that  quickly  and  automatically 
forecasts  and  locates  defects  on  the 
optical  line  has  been  designed  and 
implemented.  Defects  can  be  forecast  and 
automatically  located  because  the  optical 
line  is  continuously  monitored.  The 
monitoring  system  consists  of  measuring 
instruments  like  the  light  source,  optical 
power  meter,  OTDR,  and  an  optical  switch 
to  select  the  monitor  line. 

The  optical  switch,  which  determines 
the  reliability  of  the  entire  system,  is 
one  of  the  most  important  system  elements. 
In  order  to  reliably  select  a  monitor  line 
from  the  multicore  optical  line,  the 
optical  switch  must  have  loading 
consistency  and  durability. 


1 . Introduction 

Since  optical  fiber  cables  were 
introduced  to  subscriber  lines,  the  number 
of  cores  used  has  been  increasing  each 
year.  In  Japan  particularly  ,  high- 
density  optical  fiber  cables  of  4-and  8- 
core  ribbon  fibers  are  being  used,  and  a 
large  subscriber  network  is  being 
constructed . 

As  the  density  of  optical  fiber  cables 
increases,  there  is  a  need  for  efficient 
construction  and  maintenance  technologies. 
■An  optical  line  monitoring  system  has  been 
developed  and  implemented  to  perform 
optical  line  tests  and  automatic  remote 
control  of  cables. 

The  optical  line  monitoring  system 
consists  of  an  optical  fiber  coupler,  an 
optical  fiber  switch,  and  a  test  unit. 
The  optica]  fiber  switch  consists  of  a 
switch  to  select  the  measuring  unit  and 
another  switch  to  select  the  optical  fiber 
line  that  is  to  be  tested. 

The  two  optical  fiber  switches  are  an 
important  system  component  for  system 
design.  In  particular,  the  switch  that 
selects  the  optical  line  determines  the 


performance  of  the  overall  system. 

Therefore,  this  switch  must  have  low 
losses  and  consistency. 

Based  on  our  research,  we  developed  a 
multicore  optical  switch  which  can  meet 
the  above  requirements  and  also  perform 
switching  of  multiple  cores. 

In  this  paper,  we  describe  the  design 
and  characteristics  of  this  multicore 
optical  switch. 


2. System  Configuration 


Fig.  1 

shows 

the  configurations  of 

an 

optical 

line 

monitoring  system 

and 

an 

optical  fiber 

system. ( 1 ) 

selector  used 

in 

this 

This 

system 

is  principally 

used 

to 

measure 

and  monitor  the  optical 

line 

by 

automatic  remote  control  without  adversely 
affecting  the  on-going  transmission 
signal . 

Monitoring  and  measurement  is  carried 
out  using  an  OTDR,  light  source,  and 
optical  power  meter.  The  measurement 
light  is  emitted  through  an  optical  fiber 
coupler  installed  in  the  optical  line  to 
measure  optical  line  loss  and  return  loss. 

Monitoring  of  an  optical  line  which  is 
being  used  is  through  OTDR  generally.  A 
measurement  light  wavelength  of  1.55um  is 
used  for  a  transmission  signal  light  of 
1 . Sum . 

A  light  source  and  an  optical  power 
meter  are  used  for  measuring  line  losses 
caused  during  installation  work  of  optical 
lines,  as  well  as  during  shifting  of  an 
optical  line  due  to  interference,  or  when 
connectors  need  to  be  replaced. 

The  optical  fiber  selector,  one  of  the 
main  components  of  the  optical  line 
control  system,  comprises  of  MT-and  SC- 
type  fiber  selectors .( 2 ) 

The  MT-type  fiber  selector  chooses  on  a 
tape  basis  the  line  to  be  monitored  from 
among  the  optical  lines  consisting  of  tape 
fibers;  the  SC-type  fiber  selector  further 
chooses  the  line  to  be  monitored,  on  a 
core  basis.  Simultaneously,  the  fiber 
selector  also  selects  a  test  unit  to  be 
used  for  monitoring  (measurement). 

The  end  of  the  optical  fiber  core  of  the 
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Central  Office 


Remote  Test  Unit 


Fig  .1  System  Configuration 


MT-type  fiber  selector  moving  head  is 
connected  to  the  SC-type  fiber  selector. 
The  SC-type  fiber  selector  allows  a 
maximum  of  six  MT-type  fiber  selectors  to 
be  connected. 

Monitoring  and  test  operation  of  the 
optical  line  are  controlled  using  a 
workstation  and  is  continuously  carried 
out.  The  workstation  acquires  test  data  to 
identify  whether  the  line  is  functioning 
normal ly . 


3. MT-type  Fiber  Selector 
3.1  Basic  function 

As  noted  in  the  system  configuration, 
the  .MT-type  fiber  selector  is  used  to 
select  the  optical  line  that  is  to  be 
monitored.  Since  this  unit  selects  an 
optical  line  on  a  tape  fiber  basis,  its 
basic  connection  element  is  an  MT 
connector. 

A  single  MT-type  fiber  selector  can 
handle  a  maximum  of  1000  cores.  When 
return  lines  at  the  optical  fiber  coupler 
are  included,  the  maximum  number  of  cores 
that  can  be  Installed  is  2000  (250  eight- 
core  tape  fibers). 

The  MT-type  fiber  selector  has  to  be 
Installed  in  an  optical  end  frame  and  its 
size  is  a  compact  685mmWx295mmDxl70mmH. 


3.2  Mechanism 

3.2.1  Equipment  configuration 

Fig. 2  shows  the  internal  structure  of 
the  MT-type  fiber  selector. 


Cntrol  Unit 


Fig  .2  MT-type  Fiber  Selector  Configuration 


The  MT-type  fiber  selector  is  basically 
composed  of  a  mechanical  section  ( 
including  optical  fiber  )  and  a  control 
unit.  For  easy  maintenance  as  well  as 
future  expansion,  these  sections  can  be 
easily  separated. 

The  mechanical  section  consist  of  a 
moving  head  and  connector  boards  with  MT 
connectors  which  are  the  ends  of  the  tape 
fibers  connected  to  an  optical  line.  The 
moving  head  is  capable  of  moving  in  all 
three  axes  when  selecting  a  MT  connector 
on  the  connector  board.  One  connector 
board  has  50  MT-connector  plugs,  and  the 
fiber  selector  allows  up  to  five  connector 
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boards  (250  MT-connector  plugs)  to  be 
installed  on  the  mechanical  section.  A 
connector  board  can  be  installed  on  the 
mechanical  section  by  inserting  a  location 
pin  provided  on  the  edge  of  the  connector 
board  into  a  location  hole  provided  on  the 
edge  of  the  fiber  selector.  This  allows 
connector  boards  to  be  installed  precisely 
enabling  the  MT-type  fiber  selector  to 
acquire  optimum  optical  characteristics 
without  having  to  make  fine  adjustments 
during  installation. 

Individual  connector  boards  are  fastened 
to  the  fiber  selector  using  four  screws. 

The  driving  system  of  the  moving  head 
consists  of  a  compact  DC  motor  and  a  rack 
&  pinion  gear. 


3.2.2  Positioning  Control  System 

The  MT-type  fiber  selector  employs  a 
closed  loop  control  system  using  a  linear 
scale  for  position  control  in  the  X  and  Y 
axes . 

This  control  system  feeds  back  the 
position  of  the  moving  head  to  a  position 
controller.  This  allows  real-time 
identification  of  the  present  location,  so 
that  the  moving  head  can  be  moved  to  the 
desired  position  accurately.  Furthermore, 
since  the  origin  can  always  be  identified, 
this  positioning  control  system  allows  the 
moving  head  to  be  moved  to  a  different 
position  directly  without  having  to  return 
to  the  origin  first. 


3.2.3  Structure  of  connector 

Connections  of  connectors  on  the  moving 
head  and  connector  boards  use  an  MT 
connector  as  shown  in  Fig. 3. 

A  pin  similar  to  the  alignment  pin  shown 
in  the  figure  is  installed  on  the  MT 
connector  plug  on  the  moving  head.  The 
tip  of  this  pin  is  chamfered  to  a  larger 
degree  than  the  pins  of  ordinary  MT 
connectors.  This  is  to  ensure  that  the  pin 
does  not  damage  the  pin  hole  in  the  mating 

Fiber  Ribbon 


connector  when  the  pin  is  inserted  into 
the  hole  for  connection. 

MT  connectors  are  mounted  in  a  floating 
construction  both  in  the  moving  head  and 
the  connector  boards  to  absorb  any 
variations  in  the  connecting  position. 
This  ensures  constant  optical 
characteristics  even  when  there  are 
variations  in  the  moving  head  stopping 
position . 

Furthermore,  the  MT  connectors  are 
constructed  so  that  the  end  of  an  MT 
connector  always  moves  in  a  fixed 
direction  when  disconnected.  This  is  to 
prevent  problems  such  as  the  alignment  pin 
not  fitting  into  the  hole  in  the  mating 
connector  upon  connection  and  so  on. 

Connecting  force  is  applied  by  a  coil 
spring  provided  at  the  rear  of  the  MT 
connector  plug.  The  intensity  of  this 
force  is  1kg,  which  is  the  same  as  that  of 
an  MT  connector. 


Coil  Spring 


3.3  Characteristics 

3.3.1  Connecting  characteristics 

We  investigated  the  relationship 
between  the  moving  head  positional 
deviation  and  the  connection  loss.  The 
moving  head  positional  deviation  was 
measured  in  both  X  and  Y  axes.  The  maximum 
moving  head  positional  deviation  was 
predicted  to  be  about  25um  in  both  the  X 
and  Y  axes  as  viewed  from  the  mechanism. 
Based  on  the  results  of  the  test,  a 
positional  deviation  of  lOOura  caused  a 
loss  change  of  less  than  O.ldB  as  shown  in 
Fig. 5  . 

This  reveals  that  the  connection  of  the 
MT  connectors  is  very  stable  with  respect 
to  positional  deviation. 


3.3.2  Position  repeatability 

We  checked  the  positional  repeatability 
of  the  moving  head  in  the  X  direction 
using  a  proximity  sensor. 
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In  this  test,  starting  from  the  origin,  we 
repeated  a  positioning  operation  1000 
times  in  succession  and  measured  the  stop 
position  at  a  measurement  point  every  100 
times  to  check  for  variations.  The 
measurement  results  show  that  the 
deviation  was  less  than  lOum,  verifying 
the  positional  accuracy. 


Fig  .5  Relationship  Between  the  Moving  Head 
Deviation  and  Connection  Loss 


3.3.3  Temperature  characteristics 

We  measured  the  connection  loss  and  its 
repeatability  at  set  temperatures  of  0, 
25  and  40  C.  This  was  repeated  1000 
times  at  each  set  temperature.  The 
connection  loss  was  measured  at  the  end  of 
every  10  repetitions.  The  measurement 
results  show  stable  temperature 
characteristics  at  all  the  set 
temperatures.  Fig. 6  shows  the  measurement 
results . 


3.3.4  Vibration  characteristics 

The  MT-type  fiber  selector  was  vibrated 
under  the  following  conditions  to  evaluate 
changes  in  connection  loss  before  and 
after  the  vibration  test. 

*  Frequency  :  10  to  55Hz 

*  Amplitude  :  5rom  p-p 

*  Vibrating  time  :  20min 

The  test  results  show  that  change  in 
connection  loss  before  and  after  the 
vibration  test  was  0.05dB  on  average  and 


O.lOdB  maximum.  This  indicates  stable 
vibration  characteristics. 


50- 


^  0- 


Fig  .6  Temperature  Cycle  Test  Result 


3.3.5  Other  Characteristics 

Table  1  shows  the  target  values  of  other 
characteristics  and  the  obtained  results. 
For  connection  loss  characteristics,  an  MT 
connector  was  connected  using  an  MT  clip 
and  also  connected  in  the  fiber  selector 
to  compare  the  connection  losses.  .As  shown 
in  Fig. 7,  the  connection  losses  did  not 
show  a  significant  variation.  .As  for  the 
return  loss,  we  obtained  an  average  value 
of  49dB  and  a  minimum  value  of  42dB  as 
compared  to  a  target  value  of  35dB  or 
more.  The  measurement  results  are  shown 
in  Fig. 8. 

We  also  conducted  a  repetitive  loading 
test  of  22000  connections/disconnections. 
As  shown  in  Fig. 9,  connection  loss 
variations  are  less  than  0 . 2dB  throughout 
the  test.  This  verifies  that  the  MT  -type 
fiber  selector  has  very  stable 
charac t  er is  t ics . 

As  for  switching  speed,  switching  time 
from  port  1  on  one  end  of  the  fiber 
selector  to  a  port  at  the  center (average 
switching  time)  was  6sec  and  the  switching 
time  from  port  1  of  the  fiber  selector  to 


Table  1  Characteristics  of  MT-type  Fiber  Selector 


Item 

Target 

Result 

Insertion  Loss 

S  0,90dB 

AVE  ;  0.32dB 

MAX  :  0.75dB 

Return  Loss 

S  35dB 

AVE  :  49.3dB 

MIN  :  42.0dB 

Loss  Fluctuation 

^  ±  0.l7dB/i0  limes 

£  ±  O.ldB/10  times 
0.2dB/I0000  limes 
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Loss  Fluctuation  (dB)  Number  of  times  Number  of  times 


the  furthest  end  port (maximum  switching 
time  )  was  8sec  as  compared  to  a  target 
value  of  15sec  or  less. 


42  43  44  45  46  47  48  49  50  51  52  53  54  55 

Return  Loss  (dB) 


Fig  .8  Return  Loss  Histogram 


Switching  time  ( X  KXWtimes) 

Fig  .9  Loss  Fluctuation  for  Repeat  Switching 


4 -Conclusions 

As  described  above,  we  have  developed  a 
fiber  selector  with  stable  characteristics 
and  high  reliability.  This  fiber  selector 
has  already  been  implemented  as  part  of  an 
optical  line  monitoring  system.  This 
system  is  presently  in  use  in  Japan. 
Since  it  displays  stable  optical 
characteristics,  this  MT-type  fiber 
selector  can  also  be  used  in  other 
automatic  loss  measurement  systems.  We 
believe  that  it  has  the  potential  to  be 
widely  used  for  applications  other  than 
optical  line  monitoring  systems  in  the 
future . 

In  addition,  we  are  presently  studying 
optical  fiber  selectors  that  are  more 
compact,  accommodate  optical  fibers  at 
higher  densities,  and  are  capable  of 
faster  switching. 
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1.  Abstract 

A  large-scaled  IxN  optoaechanical  latrix 
switch  for  use  In  the  ’’optical  line 
switching  test  systew”,  designed  to  effectively 
iapleient  construction,  maintenance  and  operation 
of  the  optical  communication  trunk  lines  has 
been  developed.  This  switch  employs  DC  servo 
motors  and  LED  arrays  for  driving  and  positioning, 
and  has  achieved  stable  optical  characteristics 
and  high  reliability  by  a  newly  developed  master 
head  with  a  compliance  mechanism. 

2. Introduction 

Recently  trunk  optical  fiber  cable  networks, 
have  been  deployed  rapidly.  A  new  operation 
system  that  provides  a  major  advance  in 
construction  and  maintenance  efficiency  is 
necessary  to  construct  the  extensive  optics! 
fiber  cable  networks. 

Some  results  for  the  operation  systems 
were  reported.  The  equipment  which  can  select 

freely  one  of  the  optical  fibers  in  some  cables 
and  can  interconnect  it  to  a  master  connector 
plays  a  very  important  role  in  these  operation 
systems. 

This  paper  describes  a  large-scaled  IxN 
optomechanical  matrix  switch  which  has  been 
developed  and  its  optical  performance. 

3.Pur'*tion  of  a  IxN  optomechanical  matrix  switch 

The  configuration  of  the  new  operation  system 
is  shown  in  Fig.l.  In  that  system  the  IxN 
optomechanical  matrix  switch  has  the  function  of 
selecting  an  optical  fiber  to  be  measured  from 
the  trunk  optical  cables.  This  switch  is  composed 


of  connectors  arranged  in  a  matrix  and  a  master 
head  opposing  to  the  matrix  and  movable  in  3 
directions. 

The  monitor  light  of  which  wavelength  is 
defferent  from  that  of  the  in-service  light  is 
injected  from  the  matrix  switch  into  an  in-service 
fiber  line  through  a  coupler.  The  other  end  of 
an  optical  fiber  from  the  master  head  is 
connected  to  the  measuring  instruments  such  as 
an  OTDR  (Optical  Time  Domain  Ref  lactometer).  The 
same  system  is  installed  in  telephone  offices 
or  tandem  offices,  and  it  enables  supervision  of 
transmission  characteristics. 


OMIcil  Fiber  Cibli 


Fig.l  System  Configuration 


4. Structure 

As  shown  in  Fig. 2,  a  large  number  of  holes  are 
oug  in  the  baseplate.  An  optical  connector  is  set 
in  each  hole. 

Figure  3  shows  the  schematic  view  of  a  IxN 
optoaechanical  matrix  switch.  This  matrix  switch 
employs  DC  servo  motors  for  driving  in  each 
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direction.  A  leans  to  drive  the  sliders  is  rack 
&  pinion  in  X  direction  and  ballscrews  in 
both  V  and  Z  directions.  The  sliders  in  X 
and  y  directions  are  positioned  by  LEO  arrays 
corresponding  to  each  connectors,  and  the 
slider  in  Z  direction  is  positioned  by  the 
rotary  encoder  coupled  to  the  not'' :--rotat  ing-ax  is. 


Master  Head  with 

Conpliance  Meehan isn 


Pig. 3  Scheiatic  View  of  *xN 

Optoiechanical  Matrix  Switch 

5. Positioning  lethod  &  Coipliance  waster  head 


5-1. Positioning  by  LED  array 

Generally  a  lachine  which  eiploys  a  DC 


servo  lotor  is  positioned  by  a  rotary  or  linear 
encorder  and  a  counter  circuit  which  counts  the 
nuiber  of  pulses  froa  the  encorders.  In  such 
positioning  lethods,  we  need  to  adjust  and 
aeaorize  the  each  X,  Y  and  Z  address  where 
the  laster  connector  should  be  stopped  and 
interconnected  to  the  connector  arranged  in  a 
aatr i x. 

in  the  developed  IxN  optoiechanical  latrix 
switch,  LEDs  are  arranged  in  arrays  in  both 
X  and  Y  directions  corresponding  to  connectors 
arranged  in  a  latrix.  A  photo-transistor  is  set  on 
the  laster  head. 

Figure  4  shows  the  positioning  lethod  by  lED 
array.  Holes  corresponding  to  connectors  are 
dug  in  the  baseplate  of  the  latrix  switch,  and 
LEDs  are  set  in  each  hole.  A  slit  plate  is  stacked 


Photo-trans  i  stor  Slider 


=5 


St  if 


™  “  “ - Baseplate 


I  I  i|i  I  11  I  1 1  I  I 

LED 


(a)  Structure 
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over  the  LED  array  to  sharpen  the  propagation  of 
the  LED’s  beam  flow.  It  improves  the  accuracy  of 
posit ioning. 

The  photo-transi stor  set  on  a  master  head 
receives  the  LED’s  beam  flow.  in  case  of 
positioning,  the  process  is  as  follows; 

(1) A  LED  just  before  point  to  be  stopped  is 
lighted. 

(2) The  master  head  can  detect  the  light  by  the 
photo-transistor. 

(3) The  master  head  is  decelerated. 

(4) The  master  head  detects  the  first  light  from 
the  deceleration  point  and  stopped  there. 

For  deciding  the  stopping  position,  we  set  the 
threshold  at  the  aid  point  between  the  maxiaua  and 
the  minimum  power  level  on  the  side  of  beam 
propagation  distribution  cut  by  the  edge  of  the 
slit  plate. 

The  above  positioning  method  by  LED  array 
makes  it  unnecessary  that  we  preadjust  the 
each  X  and  Y  address  where  the  master  connector 
should  be  interconnected. 

5-2. Master  head  with  compliance  mechanism 

The  positioning  method  by  LED  array  has  the 
above  merit,  however  the  fine  adjustment  of 
the  positioning  point  isn’t  easy  in  comparison 
with  the  positioning  method  by  a  rotary  encorder. 
So  we  developed  the  master  head  with  compliance 
mechanism  which  can  invalidate  a  bad  effect  on 
an  optical  performance  with  the  misalignment 
during  the  i nte' connect i on .  Figure  5  shows  the 
experimental  results  of  connection  loss  without 


-0  4  -0.3  -0.2  -0.1  0  0.1  0  2  0.3  0.4 

(mm) 

Fig. 5  Relationship  between  Connection  Loss 

and  Offset  without  Compliance  Mechanism 


any  compliance  mechanism.  As  shown  in  Fig. 5. 
the  connection  loss  increases  by  0.2dB  while  the 
master  connector  is  shifted  0.2mm  from  the 
connection  center.  In  case  the  misalignment 
is  more  than  0.25am,  the  master  connector  is 
not  able  to  connect. 


Fig. 6  Structure  of  Compliance  Mechanism 


0.19dB 
0.14dB 

-0.4-0.3-0.2-0,1  0  0.1  0.2  0.3  0.4  (mm) 

{Q)Offset  in  X  Direction 
£ 

0.21dB 
0.14dB 

-0.4-0.3-0.2-0.1  0  0.1  0.2  0.3  0.4  (mm) 

(b)Offset  in  Y  Direction 

Fig. 7  Relationship  between  Connection  Loss 
and  Offset  with  Compliance  Mechanism 
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Figure  6  shows  the  newly  developed  structure 
of  coipl lance  mechanisa.  It  has  two  pairs  of 
parallel  leaf  springs.  The  nechanisa  can  cancel 
the  lisalgnaent  due  to  not  only  the  scattered 
positioning,  but  also  the  scattered  arranging  of 
the  connectors  in  a  natrix. 

Figure  7  shows  the  experimental  results  of 
a  connection  loss  with  the  compliance  mechanism. 
By  this  compliance  mechanism,  we  can  control  1  the 
connection  loss  increase  less  than  0.05dB  and 
0.07dB  in  X  and  Y  direction  respectively,  while  we 
limit  the  lateral  offset  within  ±0.4mm. 

6. Performance 

Overall  performance  for  the  mechanical  and 
optical  characteristics  of  the  IxN  matrix  switch 
have  been  tested  including  repeated  switching, 
heat  cycle,  and  vibration.  Results  are  summarized 
in  Table  1.  Figure  8  shows  the  connection  loss 
histogram.  The  mean  connection  loss  was  O.lOdB, 
and  the  maximum  loss  was  0.32dB.  Figure  9 
shows  the  reflection  loss  histogram.  The  mean 
reflection  loss  was  30.4dB.  Figure  10  shows 
the  loss  fluctuation  during  repeated  switching 
test  of  12000  times.  It  can  be  seen  that  the  loss 
fluctuation  is  less  than  0.03dB.  A  heat  cycle 
test  was  conducted  to  measure  the  changes  of  the 
connection  loss  with  changes  in  temperature.  As 
shown  in  Fig. 11,  the  loss  fluctuation  was 
less  than  0.03dB  when  the  temperature  was  changed 
from  0*0  to  +45'C.  And  we  obtained  a  good  results 
on  vibration  tests. 


Table  1  Evaluation  Test  Results 


1  tens 

Results 

Connection  Loss 

Ave.  =  0.  IdB 

Reflection  Loss 

Ave.  =  30. 4dB 

Repeated  Switching 

12000  times 

Loss  Variation  <  0. 03dB 

Heat  Cycle 

0~+45'C 

Loss  Variation  <  0.  03dB 

Vibration 

10~45Hz,  0.  5mm  p-p 

-►No  problem 

Fig, 9  Reflection  Loss  Histogram 


Repeated  Switching  (times) 

Pig. 10  Loss  Fluctuation  of  Repeated  Switching 
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Shun’ichi  Mizuno 


Fig. 11  Heat  Cycle  Tests 
7. Conclusions 

A  large-scaled  IxN  optoaechan leal  aatrix  switch 
using  single  fiber  connector  has  been  developed. 
The  aatrix  switch  has  achieved  stable  optical 
characteristics  and  high  reliability. 
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